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GENERAL INTRODUCTION 
Research has confirmed the advantages of vesicular-arbuscular mycorrhizal fungai 
(VAMF) associations in enhancing plant growth, nutrient uptake (especially P), water 
uptake, and pathogen protection. The benefits derived from VAMF, however, appear to 
vary among plant species. It has not been fully demonstrated whether cultivars within 
plant species also differ in their response to VAMF. Also, it is unknown whether breeding 
and selection of high yielding cultivars have selected for VAMF responsive or non-
responsive cultivars. Mycorrhizal dependency (MD) is defined as 'the degree to which a 
plant is dependent on VAMF associations to produce maximum growth or yield at a given 
level of soil fertility.' 
Dissertation Organization 
The Literature Review outlines previous research on VAMF, their distribution and 
interactions with plants. Following the Literature Review are three papers for suitable 
publication. 
The first paper, entitled "Soil Drainage and Distribution of VAM Fungi in 
Toposequences," was a field survey conducted in 1992 to determine the effect of soil 
drainage on the distribution of VAMF spores and the extent of soybean root colonization in 
two toposequences: Clarion-Nicollet-Webster and Sharpsburg-Macksburg-Winterset. This 
manuscript is written according to Soil Biology and Biochemistry style and will be 
submitted for publication to this journal. 
Greenhouse studies were conducted to investigate MD of six corn and five soybean 
(improved and unimproved) cultivars. These studies are reported in the second paper, 
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entitled "Mycon-hizal Dependency and Nutrient Uptake By Improved and Unimproved Corn 
and Soybean Cultivars. This manuscript is written according to Agronomy Journal style 
and will be submitted for publication to Agronomy Journal. 
Because several factors such as a plant's ability to absorb P from soil, P use 
efficiency, root morphology, and growth rate are reported to affect MD, another study was 
conducted to investigate these parameters in detail, using three soybean cultivars as 
models. These cultivars ranged in MD from highly dependent to relatively independent. 
The third paper, entitled "Plant Factors Regulating Mycorrhizal Dependency," reports on 
these results. This manuscript is written according to the style of Soil Biology and 
Biochemistry and is intended for publication in this journal. The fungus used in this study, 
Giaaspora maraarita. does not produce vesicles, so the term mycorrhizal colonization was 
used rather than the abbreviation VAMF. 
Following the third paper is a general summary and discussion followed by references 
cited in the Literature Review. Appendices A, B, and C contain summary tables and raw 
data discussed in the three papers. 
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LITERATURE REVIEW 
An Introduction to Mycorrhizae 
In the early 1880s, Professor A.B. Frank, a distinguished forest pathologist in Berlin, 
was commissioned by the Minister Fur Landwirtschaft, Domanen und Forsten, to 
undertake a systematic study to promote the production of truffles in Prussia. Although 
Frank did not succeed in growing truffles, he described the essential structure and 
functioning of a symbiotic relationship between trees and fungi that he termed 'mykorhiza,' 
from Greek meaning 'fungus-root' (Frank, 1885, as reported by Allen, 1991). He stated 
that the association was mutualistic because of the covering of the root by the fungus and 
the lack of any detrimental response in the host tree. 
This term was originally applied only to those mycorrhizae that are now known as 
ectomycorrhizae, but Frank later extended his definition to include the various endotrophic 
forms (Frank, 1887, as reviewed by Kelley, 1937). 
Although Frank's observations and morphological descriptions of these root-inhibiting 
fungi, along with the insights of Kamienski (1882, as reviewed by Kelley, 1937), initiated 
interest in mycorrhizae, the study of mycorrhizae was hampered for many years by the 
opinions of Robert Hartig, who considered the fungi involved to be weakly pathogenic and 
to "... lessen activity of the new roots or even lead to their death ..." (Hartig, 1886; 1888a; 
1888b, all as reviewed by Kelley, 1937). Hartig's influence was so great that, despite 
considerable evidence to the contrary, even as late as 1939, many people shared his 
view. 
Frank's hypothesis eventually prevailed (Seattle, 1976; Bergstrom, 1976; Korrmanik et 
4 
al., 1977a). Although today we still have doubt that under some circumstances a 
mycorrhizal fungus may become pathogenic, in most instances, these plant-fungal 
relationships are considered symbiotic. 
The word "symbiosis" was formalized and defined by deBary (1887, as reviewed by 
Kelly, 1937) as a state occurring when organisms live in intimate contact. Of itself, the 
word symbiosis has no connotations regarding benefit to members of the symbiosis. A 
qualifying adjective is required to make clear where benefit, if any, lies. deBary 
recognized several types of symbioses including parasitism, commensalism, amensalism, 
neutralism, and mutualism by using +/0/- interactions (Fig. 1). 
Mycorrhizae, then, may be defined as inseparable combinations of fungi and roots. In 
most cases, the relationships are beneficial to the plant and fungus (mutalistic). In other 
cases, the relationship may benefit the fungus, or be seemingly neutral or detrimental 
(neutralism, antagonism), and, in some cases, the fungus may even harm the plant 
(parasitism). 
Despite the obsen/ational and experimental evidence demonstrating that mycorrhizae 
are extremely important and widespread, they are often considered relatively unimportant 
in ecological and evolutionary processes. For example, most texts on population and 
interactions omit mycorrhizal associations from discussions of coevolution (e.g., 
Roughgarden, 1979; Merrel, 1981). Barrett (1983) stated "there is little evidence of the 
physiological basis of these associations (plant-fungus mutualism)." Chapin et al. (1987) 
suggested that mycorrhizal hyphae have smaller diameters than roots and, although 
hyphae increase the surface area of the root system, the plant expends 10% more to 
construct hyphae than the equivalent mass of roots. Hence, they omitted any discussion 
of mycorrhizae in their review of plant nutrition. Similar statements are common in the 
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iterature (Allen, 1991). 
Contrary to the above belief, evolutionary and phylogenetic studies have shown that 
mycorrhizal associations are widespread among plant species and appear to have evolved 
and spread with the earliest land plants. Evidence from the fossil record demonstrates an 










Fig. 1. Types of symbioses between organisms, derived from deBary. 
Source: Allen (1991). 
the rhizodal cortex of Rhvnia and Asterozvlon from the early Devonian (Kidstone and 
Lang, 1921). 
These observations, coupled with hypotheses about early terrestrial environments, led 
to the proposal that invasion of the land by plants depended in part on the evolution of 
mycorrhizae (Pirozynski, 1981), which provided essential acids in the acquisition of P 
(Fitter, 1985a). Biogeographical evidence also suggests that many of these associations 













The universality of the symbiosis implies a great diversity in the taxonomic features of 
the fungi and plants involved. There are, in fact, great differences in the morphology of 
mycorrhizal groups, and this is reflected in the resulting physiological relationships. 
Details of the different kinds of mycorrhizae can be found in the work of Harley (1959), 
Sanders et al. (1975), Smith (1980), and Harley and Smith (1983). Only a brief 
consideration to differentiate these groups is given here. More emphasis will be given to 
vesicular-arbuscular mycorrhizae (VAM), the subject of this dissertation. 
There are five different types of mycorrhizae presently recognized. Ectomycorrhizal 
associations are perhaps the first studied and best known. About 3% of the higher plants, 
mainly forest trees belonging to Fagaceae, Betulaceae, Pinaceae, Rosaceae, and a few 
genera from other families, for example. Eucalyptus. Arbutus, and Tilia form 
ectomycorrhizae. 
The fungi involved are mostly higher basidiomycetes and ascomycetes, which colonize 
the cortical cells of the root and characteristically lack intercellular penetration. 
Ectomycorrhizal fungi produce hormones that change root morphology. Hence, 
ectomycorrhiza is morphologically different from the noncolonized root, and, to some 
extent, is recognizable macroscopically without any special staining or clearing techniques. 
In its simplest form, a swollen root tip is covered with the fungus, forming a covering 
called the sheath or "mantle" and concurrently suppressing root-hair formation. A network 
of hyphae, known as the "Hartig net," replaces the middle lamella of the epidermal and/or 
cortical cells of the root tip. 
In most cases, ectomycorrhizal fungal hyphae grow in between the host cells 
(intercellular growth) and rarely enter the cell (intracellular growth). Proliferation of hyphae 
in soil is quite variable; the surface of the sheath may be smooth, there may be short 
cystidia or setae, or there may be extensive mycelial mats, strands, or rhizomorphs that 
ramify far into the soil. 
Endomycorrhizal associations include three types of mycorrhizae in which the fungus 
colonizes the root cortex intracellularly. One type is restricted to some species in the 
Ericaceae ("ericoid" mycorrhizae), the second type to the Orchidaceae ("orchid" 
mycorrhizae), and the third type, the "vesicular-arbuscular mycorrhizae," are by far the 
most wide spread. 
The fifth group, the ectendomycorrhizae, are formed by plant species in families other 
than Ericaceae, but in the order Ericales. They form a sheath and produce intercellular 
penetrations ("arbutoid" mycorrhizae). 
Vesicular-Arbuscular Mycorrhizae 
Anatomy and morphology 
In most cases, the anatomical and cytological changes caused by vesicular-arbuscular 
mycorrhizal fungi (VAMF) in the host do not induce root alterations recognizable to the 
unaided eye, although Gerdemann (1968) reported mycorrhizal roots in some members of 
the Liliaceae family turn from white to bright yellow upon establishment of the symbiosis. 
Light microscopy is used to see the complex plant-mycorrhizal fungal structures. 
Mycorrhizal fungi colonize the epidermis and the cortical parenchyma of host roots; they 
do not penetrate the endodermis and, therefore, are not present in the central vascular 
cylinder nor present in the meristematic regions. 
Mycorrhizal fungi grow outside the root, forming extramatrical hyphae and external 
vesicles or spores scattered throughout the surrounding soil. Inside the root, they produce 
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intracellular hyphae (arbuscules) and vesicles. 
VAMF hyphae The extramatrical hyphae grow extensively in soil; some reports 
have shown up to 1 m cm"^ of root (Barea, 1991). The development and spread of 
hyphae differ greatly according to the type of soil, plant, and the fungus. Morphologically, 
the extramatrical mycelium Is continuous with the intraradical mycelium, thus forming one 
infection unit. Hyphae may be classified as thick walled or thin walled, ranging in diameter 
from 2 to 27 |xm (Nicolson, 1959; Bianciotto and Bonfante-Fasolo, 1990; Friese and Allen, 
1991). Thick-walled hyphae have typical unilateral angular projections and are 
nonseptate. Thin-walled hyphae are septate and develop as lateral branches from thick-
walled hyphae (Mosse, 1959). 
Intracellular hyphae colonize the outer cortical root layers. They are characterized by 
a linear or looped arrangement, without signs of branching. In most cases, infecting 
hyphae also form intracellular coils extending from one cell to another. Diameters vary 
from 3 to 7 |xm, depending on the type of fungus involved, and the amount and the 
behavior of the hyphae are probably influenced by the host. 
Arbuscules Intercellular hyphae penetrate the cortical cells giving rise to a 
complex hyphal-branching system, called arbuscules. The arbuscule is the most 
significant structure in the VAM complex, in particular from a functional viewpoint. Recent 
interpretations agree that the arbuscule is the preferential site for fungus-plant metabolite 
exchange (Cox and Tinker, 1976; Smith and Gianinazzi-Pearson, 1988). 
The arbuscular life span is limited to a few days (4 to 5). After that, arbuscular 
branches deteriorate and collapse, perhaps digested by the host (Toth and Miller, 1984; 
Alexander et al., 1988). 
Vesicles Vesicles are globose bodies formed by an intercalary or terminal swelling 
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of a hypha of a VAM fungus. Vesicles can be intercellular or intracellular, and sizes vary 
from a minimum of 30 to 50 nm to a maximum of 80 to 100 p,m (Paola, 1984). Not all 
VAMF form vesicles within roots; for example, Glaasoora marqarita does not form vesicles 
but instead forms auxiliary cells (groups of vesicle-like structures), and Aculospora laevis 
forms lobed or irregular intercellular vesicles. The number of vesicles formed also varies 
from one species to another (Abbott et al., 1984). Different hypotheses on the role of the 
vesicles have been proposed. According to some authors, their important function is that 
of reproduction, whereas others think of them as storage organs (McLennan, 1926). The 
cytological organization of the vesicles (rich in lipids) and the fact that their numbers 
frequently increase in old or dead roots, however, suggest that they are mainly storage 
organs (Paola, 1984). 
Extramatrical spores Vesicle-like, globose^to-obovate spores are regularly 
associated with the extramatrical mycelium. They are either borne terminally or on short 
lateral branches. Sizes of spores vary largely from 20 to 150 p,m in diameter, and are 
thick walled, with a dense cytoplasm rich in oil globules. With age, spores become 
vacuolated (Mosse, 1959). Morphological characteristics of spores are sufficiently distinct 
that they served as the bases of the classification system of VAMF. 
More than 130 species of VAMF had been described by 1990 (Morton, 1990), and 
they are all grouped in a single family, the Endogonaceae, belonging to the order 
Endogonales in the class Zygomycetes. Presently, seven genera (Endoaone. Glomus. 
Sclerocvstis. Entrophospora. Acaulospora. Scutellspora. and Glaasoora) constitute the 
Endogonaceae. Endoaone forms zygospores characteristic of Zygomycetes, but does not 
form VAMF associations. The other six genera lack sexual reproduction and form VAMF 
associations. Details of spore structures in the following sections are described according 
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to Bagyara}^(1991). 
Glomus, the most common genus of VAMF, forms globose, ellipsoid or rather 
irregularly shaped spores that range in size from 20 to 400 nm. These are thick walled 
and vary in color from hyaline to yellow to brown-black. Spores are either attached to a 
single subtending hypha and produced singly in soil, or in large aggregates called 
sporocarps. 
Sclerocvstis species produce clavate chlamydospores in the sporocarps. Inside the 
sporocarp, spores are arranged around a central plexus of sterile and sporogenous 
hyphae. Sporocarps may be 500 to 700 jim in diameter, and spores may be up to 125 
Hm in length. 
Aculospora species produce spores laterally from the neck of a small thin-walled 
saccule or spore mother cell. Spores are globose or ellipsoid, from 100 to 400 |xm in 
diameter and hyaline, yellow, or reddish brown. In most species, surfaces of spore walls 
are ornamented. 
Entrophospora species are similar to Aculospora except that the spore is formed inside 
the parent hyphae just below the vesicle. 
Scutellaspora spores are large and quite variable in size. The smallest ones may be 
less than 200 |xm in diameter and larger ones may be more than 600 ^m. Spores 
develop terminally on a bulbous hyphal suspensor, which remains attached to the spore at 
maturity. The shapes of spores are usually globose, and colors vary from hyaline, white, 
yellow, grey-green, or brown. Spore-wall structure is composed of at least two wall 
groups, with one or more flexible membranous or coriaceous walls in the inner group or 
groups. Germination of spores is by means of one or more germ tubes produced near the 
spore base from a germination shield formed within or upon a flexible inner wall. 
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Gigaspora species produces spores tliat are quite similar to Scutellospra spores, but 
the pattern of spore gemiination is entirely different. Spores of Gigaspora gemiinate by 
direct growth of one or more germ tubes through the spore wall. 
Occurrence and distribution of VAIUIF 
Distribution in natural ecosystems VAMF, in addition to their widespread 
distribution throughout the plant kingdom, are also geographically ubiquitous and occur in 
plants growing in arctic, temperate, and tropical regions (Mosse et al., 1981). VAMF have 
been found in alpine ecosystems and from high latitudes north of the Arctic circle in 
Alaska (Allen et al., 1987) to the Antarctica (Freckman et al., 1988). 
Several reports have suggested that VAMF are primarily distributed vertically near the 
soil surface where labile nutrients are released. Redhead (1977) reported VAMF spores 
and other structures decreased markedly below the surface 15 cm of soil but remained 
relatively high to a 30-cm depth. Spores are normally not found in depths beyond the 
normal root range of plants (Mosse et al., 1981). Recent work, however, suggests that 
the vertical distribution is primarily a function of the distribution of resources and that 
VAMF can extend deep into the soil profile (Allen, 1988b). Zajcek et al. (1986) reported 
VAMF spores at depths of 2.2 m on forbs in a tall-grass prairie. Virginia et al. (1986) 
reported a high concentration of VAMF spores at a 4-m depth in a sand desert in a 
nutrient-rich zone immediately above the water table. In western Wyoming, VAMF spores 
extended downward in cracks in shale and sandstone parent materials to depths of 70 cm 
(Allen, 1988a). 
Horizontal distribution of VAMF spores is poorly understood, from the scale of an 
individual hyphal fragment to the distribution of spores across a landscape. 
In undisturbed habitats, the mycorrhiza is patchy because of resource-distribution 
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patterns of the host plant (Allen and MacMahon, 1985). Anderson et al. (1983) reported 
that 10-cm^ patches were most relevant to sampling VAMF-spore patches in prairies, 
whereas Allen and MacMahon (1985) found that even 4 cm^ patches may not be small 
enough to delineate a patch in a semi-arid shrub steppe. 
The distribution of species of VAMF varies with climatic and edaphic environments as 
well as with land use (Hayman, 1987). For example, Glomus spp. appear to have the 
widest distribution. Giaaspora and Sclerovstis spp. are more common in tropical soils. 
Acaulospora spp. seem to be better adapted to soil pH < 5.0. In fact, certain VAMF have 
been linked to particular kinds of soil: Glomus mosseae with fine-textured, fertile, high pH 
soils; Acaulospora laevis with coarse textured, acid soils; and Giaaspora spp. with sand-
dune soils (Kendrich and Birch, 1987). 
Dispersal of VAMF is either active, i.e., by growth of VAMF mycelium from one plant 
root to another, or passive by spread of VAMF spores or other propagules by water, wind, 
or animal vectors. As early as 1922, endogonaceous spores were observed in the 
digestive tracts of millipeds (Thaxter, 1922) and in earthworms and ant cases (Mcllveen 
and Cole, 1976). Recently, it was found that VAMF propagules survived in earthworm 
casts stored for 11 months (Bagyaraj, 1991). 
Wind dispersal of VAMF spores has been reported in several studies (Ponder, 1980; 
Taber, 1982; MacMahon and Warner, 1984; Warner et al., 1987). Rainwater moving over 
the surface of soil and causing superficial sheet erosion may be an ideal scenario for the 
down-slope movement of spores at or near the soil surface. Powell (1980), while studying 
mycorrhizal infectivity of eroded soils, reported that spore densities of remaining soil 
decreased with increasing soil erosion. 
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Distribution in managed ecosystems The distribution patterns of VAMF may 
be different in cultivated versus noncultivated soils, and management practices have been 
reported to influence the types of VAMF found in agricultural soils. Relatively little 
information is available about changes in VAMF populations when virgin soils are brought 
into cultivation. Janos (1980) found that the establishment of a tropical rain forest was 
difficult in swampy areas because of the absence of VAMF in that ecosystem. 
Contradictory reports exist regarding VAMF population numbers in cultivated and virgin 
soils; for example, Mosse and Bowen (1968) reported higher populations in cultivated 
soils, whereas Kucey and Paul (1983) reported higher populations in virgin or undisturbed 
than in adjacent cultivated soils. 
Prolonged monoculture of agricultural crops also can lead to an increase of VAMF or 
to a decline, according to host-plant species and fertilizer treatments (Kruckelmann, 1975). 
Growing continuous wheat in western Nebraska shifted species dominance from Glomus 
fasiculatum in native grassland to Glomus mosseae (Allen and Boosalis, 1983). Natural 
inocula of VAMF are present in most agricultural soils, but there is lack of information 
about the inocula properties and distribution, and how these are affected by agricultural 
practices. Sanders and Sheikh (1983) reported that concentrations of VAMF propagules 
in arable topsoils in the Leads area, U.K., estimated by the most-probable-number 
technique, were 0.1 to 10 propagules g"^ soil. This concentration may be suboptimal, 
however, for formation of VAMF. These authors showed that 25 spores g'^  soil were 
necessary to give the maximum colonization of roots. 
Tillage may be an important factor governing the concentration and infectivity of 
inocula. Evans and Miller (1988) showed that disturbance of soil cores taken from a zero-
till system markedly reduced the rate of development of VAM in maize, and this in turn 
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reduced absorption of P. Anderson et al. (1987) also reported that tillage reduced 
colonization in field-grown maize. Mechanical damage to mycorrhizal roots and hyphae 
presumably accounted for the reduction in infectivity, but the mechanisms are not fully 
understood. In the field, this effect may be exacerbated by plowing where top soil, and 
presumably the highest concentration of spores, is inverted. 
Distribution in Iowa soils Relatively few studies have been conducted in Iowa 
soils to evaluate their mycorrhizal status. Walker et al. (1982) conducted a cooperative 
research study by Iowa State University and the North Central Forest Experiment Station, 
USDA Forest Service, on the intensive culture of hybrid poplars. Four clones of poplar 
hybrids were planted at two locations in central Iowa. These hybrids were investigated for 
their mycorrhizal status and development. Samples of rhizosphere soil were taken and 
populations of Endogonaceae spores examined. At one of the sites, the effects of plowing 
and herbicide treatment on spore numbers were also examined. At the first location (4-H 
Camping Center, Boone Co., lA), 10 species of fungi in the genera Acaulospora. 
Gigaspora. and Glomus were recorded. At the second location (an old meadow near 
Rhodes, Marshall Co., I A), 12 species from Acaulospora were recorded. Among the 15 
different species found, there were three previously undescribed taxa (Walker and 
Rhodes, 1981; Walker and Trappe, 1981; Walker, 1982). The distribution of species and 
spores within the soil was extremely variable over both space and time. Some fungi 
sporulated in clumps, whereas others produced spores more evenly throughout the soil. A 
general frequency distribution over the sampling period showed higher populations of 
Acaulospora scrobiculata. A. trappei. Giaaspora calospora. and Glomus occultum at the 
first site, whereas A. spinosa. A. scrobiculata. and G. fasciculatum were dominant at the 
second site. Spore populations decreased with reduced soil moisture. Also, a depression 
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in spore production was associated with plowing and herbicide treatment. 
Hicks and Loynachan (1987) reported that P fertilization reduced VAMF colonization 
and changed the nodule occupancy of field-grown soybean at different locations in central 
Iowa [east of Boone, lA (Nicollet series); south of Ames, lA (Webster series); and south of 
Sheffield, lA (Dinsdale series)]. Results showed that P fertilization significantly reduced 
VAMF colonization by an average of 80%; however, P addition did not influence total 
nodulation or seed yield. Bradvrhizobium iaponicum serooroup 123 was significantly 
reduced and an unknown serogroup significantly increased in nodule occupancy with 
added P. In the nonfertilized plots, average occupancy by 123 was 72% compared with 
37% in the P-fertilized plots. This study suggested a relationship existed between VAM 
colonization and serogroup 123 occupancy, so a greenhouse study was conducted to test 
the hypothesis that VAMF colonization increased the competitiveness of serogroup 123 in 
forming nodules. In sterile soil, antibiotically marked strain USDA-123 was evaluated 
against USDA-110. Glomus mosseae was used as the VAMF. Results indicated that 
competitive abilities of USDA-123 were unrelated to Glomus mosseae colonization. 
In a survey of fungi associated with tall-grass prairies in central Iowa, Shearer (1988) 
reported 16 species of VAMF; 15 of these species were from virgin prairie soils of Plover, 
Doolitte, and Ames prairies. Nine species were found in restored prairie soils at the 
Nortlon prairie. The number of VAMF spores fluctuated widely in samples from different 
sites and at different times from the same site. 
In a recent sun/ey of VAMF associated with soybean in 15 soils of central Iowa, Khalil 
et al. (1992) reported that VAMF colonization of field-grown soybean by mycorrhizal fungi 
varied significantly among soil series and within soil series. Highly significant differences 
among soil series indicated that soil factors affected VAMF colonization. Roots from 
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plants growing in Webster soils, which are classified as poorly drained, had less VAMF 
colonization (averaged 77%) than did plant roots from Clarion, Tama, Sharpsburg, and 
Kenyon soils (averaged 92%), which are classified as well-to-moderately-well drained. 
In this study, differences in VAMF colonization were not related to pH. Negative 
correlations, however, were found between the extent of colonization and soil-available P 
and the extent of colonization and soil organic matter. 
Contrary to the assumption that maximum root colonization and sporulation occur in 
soils of low fertility, VAMF colonization was not restricted to plant roots from poorer soils 
(Clarion, soil 1 with 19 mg kg'^  P), but also was characteristic of plants growing in soils 
with relatively high levels of available P (Clarion, soil 2 with 221 mg kg"^ P). It is quite 
possible that over the years with a gradual buildup of soil-test P levels, VAMF species 
indigenous to Iowa soils have adapted and are able to colonize soybean at high P levels. 
If the mycorrhizal associations are not providing benefit from increased P availabHity, does 
the high fungal colonization suggest a photosynthate drain to the plant with little plant 
benefit? 
Vesicle and ariauscule formation was erratic, fluctuating from series to series and from 
soil to soil. Vesicle fondation was significantly different among series and within series, 
and differences in arbuscule formation were highly significant among and within series. 
VAMF spores were quite common in all the soils sampled. Total spore numbers were 
significantly different among soil series and within soil series. Within series, total spore 
numbers varied significantly from soil to soil in the Kenyon, Sharpsburg, and Tama soils. 
No significant correlation was found between percentage root hyphal colonization and 
soil spore count. The soil with the least fungal colonization (Webster), in general, had the 
highest fungal spore counts. Also, Sharpsburg soil 1 had high spore counts. What was 
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unique about these soils? The Webster soils are classified as poorly drained, and the 
Sharpsburg soil 1 had a pH of 5.3. Perhaps the fungal colonization/soil-spore count ratio 
is related to environmental stress; the greater the stress, the higher the sporulation by the 
fungus. Definitive conclusions could not be reached from this study, however, because of 
the limited number of observations. 
Glomus was the most abundant genus of VAMF associated with the soybean 
rhizosphere soils surveyed. Common Glomus species identified included G. etunicatum. 
Gi intraradices. G^ constrictum. and G^ mosseae. Giaaspora was the second most 
common genera found, but only one.species was dominant (GL margarita). Acaulospora 
was found less frequently; two species were present, and one was identified as ^ 
spinosa. whereas the other was not identified. Scutellospora was found only in a few 
samples, and species were not identified. 
This study indicated that soybean plants grown in Iowa soils were extensively 
colonized by VAMF, in spite of relatively high soil-test P levels. Whether these VAMF 
were beneficial, neutral, or perhaps parasitic or detrimental to the plants was not 
determined. The earlier Iowa work also suggested that further studies were needed to 
better understand the relationship between spore numbers in soil and root colonization by 
VAMF. 
Vesicular-Arbuscular Mycorrhizae and Nutrient Acquisition 
The development of an extensive network of extramatrical hyphae by VAMF in the soil 
surrounding the root, together with the capacity of these hyphae for nutrient absorption 
and transport to the cortical root cells, indicate that VAM modify the nutrient uptake 
properties of a root system. As the external mycelium extends several centimeters from 
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the root surface (Harley and Smith, 1983), it bypasses the depletion zone surrounding the 
root, and exploits soil micro-habitants beyond the nutrient-depleted areas where rootlets or 
root hairs cannot thrive (Rhodes and Gerdemann, 1980). Thus, it Is evident that VAM has 
a greater exploring ability than the root, and overcomes limitations on acquisition of ions 
that diffuse slowly in the soil solution to the rhizosphere. 
The size (quantity) of extramatrical mycelium, its turn-over rate, and activity are 
important factors in determining nutrient uptake efficiency of a VAM association. 
These factors allow one to envisage the VAM as a modified root system greatly 
improved for nutrient uptake. There are several mechanisms proposed for enhanced 
nutrient uptakes; these are discussed in detail in later sections. 
Phosphate uptake 
Phosphorus appears by far to be the most important nutrient involved in plant-growth 
responses because of VAMF colonization and is consistently found in higher 
concentrations in mycorrhizal plants as compared with nonmycorrhizal controls (Tinker, 
1975; Hayman, 1986; Smith and Gianinazzi-Pearson, 1988). Other nutrient 
concentrations, however, may be increased or decreased in the host plant as a result of 
VAMF colonization. Changes appear to result either as direct effects of the mycorrhiza or 
as secondary effects of changes in P concentrations in the host plant. 
Several hypotheses for mechanisms of increased P uptake by VAM have been 
proposed. Harley (1969) listed the following hypotheses to account for plant-growth 
responses to VAMF colonization: (a) assimilation of gaseous Ng; (b) conduction of 
material from the soil to the host; (c) secretion of substances into soil, which affect the 
availability of nutrients; (d) changes in the nature or area of the absorbing surface; and (e) 
production of vitamins or growth stimulators by the fungus within plant tissues. 
Sanders and Tinker (1975) narrowed down the list and proposed the following 
mechanisms for improved P nutrition of VAMF-colonized plants: (a) morphological 
changes in the plant-root system; (b) the ability of colonized roots to absorb P from 
sources not available to noncolonized roots; and (c) uptake of phosphate from labile or 
other sources and transport of phosphate to the root by the fungus. Silberbush and 
Barber (1983) used a mathematical model to investigate P-uptake processes, and they 
demonstrated that distribution, radius, and growth rate of extramatrical hyphae were also 
important. 
Since then, a number of studies on the topic have lead to the conclusion that VAMF-
colonized roots provide a "better distributed surface for absorbing P from the soil solution," 
but other factors such as different uptake kinetics, faster extension rates, exploration of 
smaller pores by fungal hyphae, chemical alteration of rhizosphere/mycorhizosphere, and 
mineralization of organic P by mycorrhizal roots could contribute significantly to P uptake. 
In the following sections, current knowledge relevant to these hypotheses is reviewed. 
VAMF hyphae distribution and increased surface area If mycorrhizae are 
to be most effective in increasing P uptake, their external hyphae should be distributed 
beyond the P-depletion zone around roots and root hairs. The reported increase in 
surface area because of VAMF colonization, assuming an average diameter of 8 and 250 
nm for hyphae and roots, respectively, range from <1 to >1800% (Abbot et al., 1984; 
Gueye et al., 1987; Schubert et al., 1987; Salvia, 1988). 
By using the quantitative autoradiographic technique, Bhat and Nye (1973) found that 
VAMF hyphae increased the measurable P-depletion zone around the roots of onion from 
0.1 to 0.2 cm. In artificial systems, P uptake by VAMF hyphae at distances much greater 
than 0.2 cm have been demonstrated (Hattingh et al., 1973; Rhodes and Gerdemann, 
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1975; Alexander et al., 1984) 
Uptake kinetics P-uptake kinetic studies suggest that VAMF apparently have a 
pathway of phosphate uptake with a high affinity for the Ion (Cress et al., 1979). This was 
indicated by a lower MIchaelis constant (K^) for VAMF-colonized roots than for 
noncolonlzed roots, although maximum rates of phosphate uptake were quite 
similar for VAM and control plants. These conclusions were reached from studies at low 
phosphate concentrations in the solution. A lower would indicate a higher affinity of 
uptake sites In VAM to acquire phosphate from transitory and diluted sources. 
Karunaratne et al. (1986) gave opposite results concerning the values for P uptake by 
mycorrhizal and nonmycorrhizal soybean plants. They found a higher value for P 
uptake by VAM. Differences in the experimental treatments and methodologies could 
account for the different results obtained. 
Tinker and Gildon (1983) Indicated that the results of Cress et al. (1979) do not 
necessarily imply a physiological ability (smaller K^) of the fungal hyphae but merely a 
consequence of the increased uptake rate in VAM, which caused an apparent decrease in 
K^. Tinker and Gildon (1983) also support the presence of a threshold for phosphate 
uptake that is likely related to the rate of diffusion through the soil solution rather than to 
the ability of VAM to absorb nutrients from solution relative to roots at low concentrations. 
In any case, VAMF hyphae can remove P from soil solution having lower P concentrations 
than can nonmycorrhizal roots. 
Chemical alteration of the root exudates and rhizosphere Under normal 
conditions, the plant-available phosphate (labile or adsorbed phosphate equilibrated with 
the phosphate in solution) accounts for about 1 to 5% of the total P in soil. The remaining 
P is in forms (organic or inorganic) that are regarded as not being directly available for 
absorption by plant roots. Important mechanisms by which plant roots can alter the 
rhizosphere chemically and improve P uptake include (a) anion exchange of organic 
anions for absorbed P; (b) chelation, i.e., formation of Fe- and Al-organic acid complexes; 
and (c) pH alteration through excretion of H"*" and HCOg". The extent to which mycorrhizal 
and nonmycorrhizal plants differ with regard to these mechanisms is not well understood. 
A number of studies, using isotopic dilution or fertilizer labeled with ^^P, have led to 
the conclusion that plants use the same available phosphate pool whether or not they are 
mycorrhizal (Sander and Tinker, 1971; Hayman and Mosse, 1972; Powell, 1975; Owusu-
Bennoah and Wild, 1979). In general, these authors labeled the labile phosphate pool in 
soil with ®^P to compare the specific activity (®^P/®V) of plants growing in the test soil. 
The specific activity of P in plant tissue was similar for mycorrhizal and nonmycorrhizal 
plants, although the former took up more P. 
It seems reasonable that^ if VAM plants obtain P from nonlabile (unlabeled) sources, 
the specific activity in these VAM plants would be lower than in the nonmycorrhizal plants. 
Bolan et al. (1984) suggested that P adsorbed to hydroxides in soil can be labeled by ^^P 
and in that form would be accessible to VAM but not to nonmycorrhizal roots. These 
authors argued that the possibility exists for differences in availability of P to mycorrhizal 
and nonmycorrhizal plants that might not be reflected by differences in specific activity. 
They suggest a fraction of P might be absorbed to iron hydroxides, and the P desorbed 
would be uniformly labeled. Therefore, no change in the specific activity in the plant 
would be shown, and the conclusion that mycorrhizal and nonmycorrhizal root systems are 
drawing from the same pool of P may not be valid (Bolan et al., 1987). 
Acid production by VAMF-colonized roots Tinker (1980) and Barea et al. 
(1983) carried out assays to test the effectiveness of sparingly soluble added P sources 
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for the growth and P acquisition by VAM in comparison with nonmycorrhizai plants. These 
authors reported better utilization of rock phosphate by the VAM plants and explained that 
some phosphate ions were physiochemically or biochemically dissociated from the rock 
phosphate into the soil solution. Then, because the network of extramatrical hyphae 
makes closer contact than roots with the surface of rock phosphate particles, the hyphae 
benefit the plant by using these "naturally" dissolved phosphate ions. Bolan et al. (1987) 
tested the effect of VAM on the availability of added particulate iron phosphate and found 
that the uptake by VAM plants was greater. To explain this, they accepted the closer 
contact of VAMF hyphae with localized sources near the particle surface, but advanced 
the further possibility that the fungal hyphae, by producing organic acids such as citric and 
oxalic, can affect P solubilization. As stated by Lindennan (1988), chemical compounds 
produced either by the fungus or by the plant under the influence of VAM are involved in 
the formation and maintenance of a "mycorrhizosphere." Information regarding exudation 
of organic acids, presence of specific chelators, and pH changes due to VAMF 
colonization, however, is fragmentary and needs further investigation. 
Phosphatase actn/ity of VAMF-colonized roots Acid phosphatases have been 
reported in VAMF. Although their function is not clear, they may be associated with the 
growth and development of the fungus within the host tissue and with acquisition of P from 
the rhizosphere (Gianinazzi et al., 1979). MacDonald and Lewis (1978) detected acid-
phosphatase activity in VAMF structures both inside and outside of roots. Azcon et al. 
(1982) compared the effects of VAMF colonization and phytate addition on the growth, P-
uptake, and surface-phosphatase activity of wheat and lavender roots. Fungal 
colonization decreased the activity of root-surface phosphatase of lavender compared with 
nonmycorrhizai control plants, but colonization had no effect on wheat. Similarly, 
Gianinazzi-Pearson et al. (1981) reported that VAMF colonization of clover did not 
significantly affect the activity of root-surface acid phosphatase. These authors did note 
that phytase activity was increased and that this activity varied with the fungus involved. 
Investigations of acid phosphatase activity associated with the root and rhizosphere of 
VAMF-colonized and noncolonized plants in sand culture have shown an apparent 
increase in phosphatase activity induced by VAMF between 25 and 51 days after sowing 
(Dodd et al., 1984). 
Enzyme cytochemistry was employed by MacDonald and Lewis (1978) to examine 
phosphatase activity of germinating VAMF spores and plant roots. Germinated spores 
and roots were incubated with 13-glycerophosphate used as a substrate, enzymaticaily 
released phosphate was precipitated in situ by lead nitrate, and the lead phosphate was 
made visible by conversion to lead sulfide. Fungal hyphae in roots were examined 
microscopically after freeze-sectioning. This method involved much time and effort, but 
results were more or less qualitative. A similar method was used by Gianinazzi et al. 
(1979) to observe phosphatase activity of mycorrhizal onion roots. During the 1980s, 
most worl(ers (Antibus et al., 1981; Dodd et al., 1984; and Kroehler et al., 1988) estimated 
phosphatase activity in VAMF-colonized roots and rhizosphere soil by some modification 
of the method of Tabatabai and Bremner (1969). Fresh root segments, homogenized 
roots, or rhizosphere soils were incubated with p-nitrophenyl phosphate, and the amount 
of p-nitrophenol released was taken as an indicator of phosphatase activity. 
VAM and nitrogen nutrition 
The role of VAMF colonization in N nutrition of host plants has been studied more 
intensely in leguminous than in graminaceous species. The experimental assays by Ross 
and Harper (1970) and Ross (1971) in the early 1970s suggested that VAMF inoculation 
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increased yield of soybean, and that mycorrhizal plants contained a higher N 
concentration and content in their shoots than nonmycorrhizal controls. Similar results 
were reported by Bagyaraj et al. (1979), who showed an increase in dry weight, N content, 
and nodulation in soybean with dual inoculation. Piccini et al. (1988) reported increased 
plant shoot weight, enhanced P uptake, greater nitrogenase activity, and lower root-to-
shoot ratios with dual inoculation. Young et al. (1988) reported a 40% increase in yield of 
soybean with dual inoculation of Bradvrhizobium and VAMF compared with a single 
inoculation with Bradvrhizobium. and a 26% increase with mixed inoculation compared 
with a single inoculation with VAMF. 
Effect of mycorrhizae on nodulation and nitrogen fixation Early 
observations suggested several approaches to study the physiological aspects of 
leaume-Rhizobium-mvcorrhizal interactions. One of these tried to ascertain whether 
mycorrhizae enhanced symbiotic Ng fixation only through the stimulation of host-plant 
nutrition, or whether they also exerted a more direct effect on nodulation and nitrogenase 
activity. The increased availability of P to the nodules by VAMF hyphae does not preclude 
the importance of suitable P nutrition of the host. If the plant is well nourished, the 
nodules also will receive a suitable P supply for their function. Mosse et al. (1976) found 
that plants did not nodulate unless their P concentrations were at least 0.15%; mycorrhizal 
colonization helped the plants to reach this required level and nodulation then occurred. 
Robson et al. (1981) also supported the idea that mycorrhizal effects on nodulation take 
place through host nutrition. In contrast, Smith and Daft (1977) reported that 
mycorrhizal-induced increases in Ng fixation in Medicaao sativa preceded any effect on 
plant growth. Their work suggested that nodules demand P first. Smith and Bowen 
(1979) used time experiments to elucidate the development of interactions among 
components of the tripartite symbiosis, and they confirmed that the mycorrhizal effect 
because of VAM in low-nutrient soils on nodulation, nitrogenase activity, and nodule 
efficiency occurred before any positive-growth response of the plant. This effect was not 
present in more fertile soils. Results indicated that the demand for P in nodular tissues is 
closely tied to Ng fixation when the P supply is a limiting factor. 
A stimulation of nitrogenase activity In soybean by VAM was reported by Piccini et al. 
(1988) and Asimi et al. (1980). This suggested "a particular sensitivity" of Bradvrhizobium 
to mycorrhizal effects and confirms the role of VAM to satisfy the high P demands for the 
processes of nodulation and Ng fixation. 
VAM and uptake of other nutrients 
There have been relatively few studies to ascertain directly the role of VAM in plant 
uptake of nutrients other than P and N. Although some papers have reported increased 
uptake of Zn (Wellings et al., 1991); Cu and Fe (Rai, 1988); Cs and Co (Rogers and 
Williams, 1986), and other trace elements having low mobility in soil, often it is difficult to 
predict the results because of the lack of appropriate controls (Harley and Smith, 1983). It 
is not clear whether a VAM effect is the result of an improvement in nutrient uptake via the 
extramatrical mycelium or is an indirect consequence of the VAM effect balancing the 
phosphate status of the plant. It has been suggested that Br and CI (Buwalda et al., 
1982), (Rhodes and Gerdemann, 1980), and anions in general are increased in 
plants as a VAM response independent of a P response. It seems unlikely that these 
increases are specifically related to VAM in view of anion mobility in most soil solutions. 
A more probable explanation is that they play a role in the regulation of cellular pH, which 
is different in VAM plants than in nonmycorrhizal plants (Smith, 1980). 
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Host-Fungus Interactions 
Certain fungi apparently played a critical role in the evolution of plants to colonize the 
land (Malloch et al., 1980) some 400 million years ago. Fossils from the Rhynie chert bed 
(370 million years old) showed a fungus formation quite similar to modern VAM, 
suggesting a plant-VAM coevolution (Nicolson, 1975). These facts explain the worldwide 
distribution of VAM and several of their so-called properties as listed by Barea (1991): (a) 
the ability of a plant to acquire nutrients through a fungus (mycotrophy), (b) the difficulties 
the fungus has in completing its life cycle independent of the host, being a physiologically 
obligate symbiont (fungal dependency), and (c) the characteristics of the plant as 
expressed by its need to be mycorrhizal to develop (mycorrhizal dependency of a plant). 
Such dependency on VAM varies with the plant species; some plants need VAM to 
survive, others to improve their growth, and still others to reach their maximum yield. 
The ability of a given VAM association to supply nutrients to the host plant depends on 
a series of interrelationships developed between the symbiotic partners. Smith and 
Gianinazzi-Pearson (1988) have summarized these as (a) fungal factors to include growth 
rate of the fungus to colonize the root cortex, arbuscule formation, extent of extramatrical 
hyphae, and specificity of the VAMF, (b) soil factors to include soil-available nutrient 
levels, especially P, temperature, pH, and moisture content; and (c) plant factors mainly to 
include the size and growth rate of the root system, i.e., its morphology, geometry, and 
distribution in the soil profile and the P requirement of the plant as a whole, which 
conditions the nutrient demand. 
Plant mycorrhizal dependency 
Gerdemann (1964) defined mycorrhizal dependency (MD) as "the degree to which a 
plant species is dependent on the mycorrhizal condition to produce maximum growth or 
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yield at a given level of soil fertility." This concept is useful in evaluating the growth 
response of a plant species to VAMF inoculation in a particular soil type (Menge et al., 
1978, Plenchette et al., 1983; Saif, 1987; Hetrick et al., 1988). This idea has been used in 
recent years to categorize plant species into distinct MD groups (Manjunath and Habte, 
1991). Two approaches have been used and are entirely different. The first approach is 
the comparison of growth of mycorrhizal and nonmycorrhizal plants at a particular level of 
applied nutrient (vertical comparison), whereas the second is an estimate of how much 
nutrient is required for the same yield of mycorrhizal and nonmycorrhizal plants (horizontal 
comparison). 
Plant species differ in the amount of a nutrient required in the media to achieve their 
maximum growth. Also, the amount of nutrient required for maximum growth of a plant 
varies greatly with the soil (Thomson et al., 1991) and method of nutrient application 
(Jasper et al., 1989). 
Considering the regulatory effect of P on the effectiveness of the VAM symbiosis, it 
has been suggested to determine VAM and nonmycorrhizal plant response curves at 
several established soil solution P levels (Manjunath and Habte, 1990). Then, 
classification of MD groups would be based on maximum growth achieved at an available 
P level, rather than at an applied P level. 
A major difficulty with using complete response curves for mycorrhizal and 
nonmycorrhizal plants is that the size of experiments becomes excessively large and 
unmanageable. A possible solution suggested by Abbott and Robson (1984) is to have a 
complete response curve for the uninoculated control treatments, but to have only one or 
two levels of nutrient application for treatments that include mycorrhizal fungi. 
Sequential harvesting is another approach that has been employed by scientists to test 
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the effect of VAM on plant growth. Such studies provide material for examining, in detail, 
the stages of formation and development of VAM (Smith and Walker, 1981; Gueye et al., 
1987). Also, the growth of hyphae in the soil and changes that occur in the host, such as 
nutrient concentration and growth, can be examined in relation to the development of the 
fungus within the root and in the soil. 
By using sequential harvests, it should be possible to determine whether effects on 
inoculation with VAMF are direct effects of the fungi or simply indirect effects of improved 
P status of the colonized plant. 
Calculation of mycorrhizal dependency Menge et al. (1978) proposed the 
following formula to calculate the relative mycorrhizal dependency (RMD) of crop plants by 
using an inoculant VAMF in sterile soil. 
Dry weight of mycorrhizal plant 
RMD= X100 
Dry weight of nonmycorrhizal plant 
The drawback of this formula is that RMD values go beyond 100%, ranging from 74% 
for trifoliate orange (Menge et al., 1978) to 1300% for Leptospermum scoparium (Hall. 
1975). Such values make it difficult to categorize crop plants. Besides, using this formula 
to calculate RMD under certain situations may be misleading because a value of 100% 
RMD does not indicate a plant response to VAMF inoculation, i.e., when the dry weight of 
an inoculated plant is equal to that of an uninoculated plant. 
Plenchette et al. (1983) proposed another formula to calculate relative field mycorrhizal 
dependency (MD) of crop plants under field conditions. They compared plants in 
fumigated and nonfumigated soils. This measures the extent of growth increase due to 
native endophytes. The calculated values lie between 0 and 100%. 
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Dry weight of mycorrhizal plant -
Dry weight of nonmycorrhizal plant 
MD= — X100 
Dry weight of mycorrhizal plant 
This formula is more meaningful for predicting MD. Bagyaraj (1992) proposed another 
formula to calculate mycorrhizal inoculation effect (MIE) to assess the growth improvement 
brought about by inoculation with a mycorrhizal fungus in nonsterile soil in the presence of 
indigenous VAMF. 
Dry weight of inoculated plant -
Dry weight of uninoculated plant 
MIE = X 100 
Dry weight of inoculated plant 
MIE is useful for assessing the extent to which introduced fungi compete with native 
endophytes to bring about plant growth responses (Bagyaraj, 1992). 
Plant breeding and evolution of VAMF associations 
Success in agricultural breeding programs provide some evidence that plant 
dependency on mycorrhizae is a derived character. The plants most susceptible to 
domestication that make up many of our current dominant crops are often weedy, 
nonmycotrophic, or low response mycorrhizal plants in the wild (Table 1). 
Varieties generally are selected based on their ability to produce high yields with 
artificial inputs of limiting resources. Chapin (1980) and Chapin et al. (1986) showed that 
noncultivated plants adapted for growth in nutrient-poor soils typically were less 
responsive to nutrient inputs than cultivated species. Species characteristic of nutrient-
poor soils are often very conservative in their use of nutrients, having low rates of tissue 
turnover and high rates of nutrient reallocation. Both traits improve the ratio of plant dry 
weights produced per unit P taken tip (P use efficiency). Plant-root differences, such as 
root length (Silberbush and Barber, 1983) or root-hair length (Jungk, 1987), may also 
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Table 1. A list of some common weedy domesticated plants and their wild ancestors 







maize Teosinte and a mix of weedy annuals 
amaranth Amaranthus 
quinoa ChenoDodium 
mustard Brassica oleracea 
macuasili Brassica campestris 
rochiwari Leoidium virainicum 
From Harlan (1975); Bye(1979, 1985); Shuster & Bye (1983). 
Source: Allen (1991) 
relate to P availability from soil and, thus, relate to the responsiveness of wild-type and 
improved cultivars to colonization by mycorrhizal fungi. Regardless of whether plants 
were wild-type or cultivated, Bryla and Koide (1990) showed that root density of tomato 
was negatively correlated with colonization by mycorrhizal fungi. 
Few studies have been conducted with endomycorrhizae wild-type versus improved 
cultivars. Koide et al. (1988) studied wild fAvena fatua) and cultivated (A. sativa) oat. 
They showed in hydroponics with added P that the wild oat was less responsive in 
improved shoot dry weights than the cultivated oat. Furthermore, they showed greater 
responsiveness to VAMF colonization of the improved than the wild-type plants. Bryla and 
Koide (1990) studied mycorrhizal effects for eight wild accessions and two cultivars of 
Lvcopersicon esculentum. They found, in general, that the improved cultivars were more 
responsive to VAMF colonization than the wild-types, although there were significant 
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variations among wild accessions and between cultivars in response to colonization. 
Koide (1991) related these findings to differences in P demand: The wild-type plants 
developed in nutrient-poor conditions and had lower P demands that extended over a 
longer period of time than the improved cultivars, which were developed for rapid P uptake 
and shorter vegetative and reproductive cycles. In both studies, N was presumably 
supplied in non-limiting quantities. Azcon and Ocampo (1981) suggested with wheat 
cultivars that the more highly bred lines showed less response to VAM symbiosis. 
Koide (1991) surmised that colonization by VAMF might be expected to have a wide 
range of effects on different plant species, and that P deficiency is a function of both the 
supply of P to plants and the demand for P. Wild-type cultivars adapted for growth in P-
deficient soils may have low rates of growth (Chapin, 1980) and low P demands; whereas, 
with improved cultivars, the demand for nutrients and the need for high fertilization to 
attain maximum growth is greater (Mengel, 1983; Vose, 1987). As society moves to low-
input agricultural systems, these findings suggest the opposite may be true for optimal 
plant selection: Those plants most desirable are slow growing and have long periods of 
nutrient uptake (P plus other nutrients) and have maximized development/optimization of 
rhizosphere or symbiotic endophytes (likely at a photosynthate cost resulting in lower 
yields but with increased nutrient uptake and availability). 
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Distribution of vesicular-arbuscular mycorrhizal fungi (VAMF) in relation to soil 
drainage and toposequences is not well documented. The objective of this study was to 
determine whether soil drainage and position in the toposequence affects VAMF spore 
production and colonization of soybean (Glycine max L. Merr.) roots. Plant roots and 
rhizosphere soils were sampled from four locations each of three paired soils, varying in 
soil drainage classes, from two toposequences: Clarion-Nicollet-Webster (CNW) and 
Sharpsburg-Macksburg-Winterset (SMW). Soils were analyzed for chemical properties, 
and VAMF spores per 50 g soil were determined by a wet-sieving-and-decanting 
technique. The percentages of root VAMF colonization were determined by the grid-line 
intersect method. The distribution of spores among locations, series, and series within 
locations varied significantly (P < 0.001). Soil from the CNW toposequence averaged 417 
spores (50 g)'^  soil, whereas soil from the SMW toposequence averaged 147 spores (50 
g)'^  soil. Within the two toposequences, the poorly to somewhat-poorly drained soils had 
higher spore counts than the well-drained to moderately-well drained soils. In the CNW 
toposequence, the mean spore counts of Nicollet and Webster soils (poorer drained) were 
137% higher than Clarion soils (better drained). In the SMW toposequence, the mean 
spore counts of Macksburg and Winterset soils (poorer drained) were 206% higher than 
Sharpsburg soils (better drained). VAMF colonization of roots ranged from 74 to 88% in 
the CNW toposequence and from 68 to 86% in the SMW toposequence. No correlation 
was found between spore count and VAMF colonization. Further research is needed to 
determine if higher spore counts in poorly drained soils is related to changes in fungal 
growth patterns or is due to movement and deposition of spores with surface flow of water. 
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INTRODUCTION 
Distribution of vesicular-arbuscuiar mycorrliizal fungal (VAMF) spores is an enigma 
faced by mycorrhizologists. Ecological variations in soil characteristics such as texture, 
structure, pH, drainage or moisture and management factors, coupled with variations in 
VAM populations, often make the interpretation of results very complex. 
Several reports have suggested that VAM fungi are primarily distributed vertically near 
the soil surface where labile nutrients are released. Redhead (1977) reported VAMF 
spores and other structures decrease markedly below the top 15 cm of soil but remain 
relatively high to a 30-cm depth. Spores are normally not found in depths beyond the 
normal root range of plants (Mosse et al., 1981). Recent work, however, suggests that 
the vertical distribution is primarily a function of the distribution of resources, and that 
VAMF can extend deep into the soil profile (Allen, 1988). Zajcek et al. (1986) reported 
VAMF spores at depths of 2.2 m on forbs in a tall-grass prairie. Virginia et ai (1986) 
reported a high concentration of VAMF spores in a desert sand at a 4-m depth in a 
nutrient-rich zone immediately above the water table. In western Wyoming, VAMF spores 
extended downward in cracks in shale and sandstone parent materials to depths of 70 cm 
(Allen, 1988). 
Horizontal distribution of VAMF spores is poorly understood, from the scale of an 
individual hyphal fragment to the distribution of spores across a landscape. 
In undisturbed habitats, the mycorrhiza is patchy because of spatial distribution of host 
plants (Anderson et al., 1983; Allen and MacMahon, 1985). Distribution, patterns of VAMF 
spores may be different in cultivated vs. uncultivated soils, and management practices 
have been reported to influence the types of VAM fungi found in agricultural soils 
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(Hayman, 1.970; Kucey and Paul, 1983; Jeffries etal., 1988). Prolonged monoculture of 
agricultural crops can lead to a buildup of VAMF or to a decline, according to iiost-plant 
species and fertilizer treatments (Kruckelmann, 1975; Allen and Boosalls, 1983; Johnson 
et al., 1992). Tillage is another factor governing the concentration and infectivity of 
Inocula (Evans and Miller, 1988). Contradictory reports exist regarding VAMF populations 
in cultivated and virgin soils; for example, Mosse and Bowen (1968) reported higher 
populations in cultivated soils, whereas Kucey and Paul (1983) reported higher 
populations in virgin or undisturbed soil than in adjacent cultivated soils. 
Relatively few studies have been conducted in Iowa soils to evaluate their mycorrhizal 
status. Walker etal. (1982) reported that the distribution of species and spores within 
several central Iowa soils was extremely variable over both space and time. Some fungi 
sporulated in clumps, whereas others produced spores more evenly throughout the soil. 
Spore populations decreased with reduced soil moisture. Also, a depression in spore 
production was associated with plowing and herbicide treatment. 
In a recent survey of VAMF associated with soybean in 15 soils of central Iowa (Khalil 
et al., 1992), VAMF colonization of field-grown soybean was found to vary significantly 
among soil series and within soil series. Highly significant differences among soil series 
indicated that soil factors affected VAMF colonization. VAMF spores were quite common 
in all the soils sampled. No significant correlation was found between percentage root 
hyphal colonization and soil spore count. Webster soils, classified as poorly drained, and 
a Sharpsburg soil with pH of 5.3 had the highest spore counts. The authors speculated 
that perhaps the fungal colonization/soii-spore count ratio was related to environmental 
stress: the greater the stress, the higher Is the sporulation by the fungus. Definitive 
conclusions could not be reached from this study, however, because of the limited number 
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of observations. 
The current study was designed to test the effects of soil drainage class on the extent 
of VAMF colonization of soybean and fungal sporulation in soil. Four locations each of 
three paired soils, varying in soil drainage class, from two toposequences were studied. 
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MATERIALS AND METHODS 
Soil Toposequences Sampled 
Two toposequences were chosen to present major soil groups of Iowa. Soils of the 
Clarion-Nicollet-Webster (CNW) association of northcentral Iowa formed in glacial till 
parent material with all soil-forming factors the same except topography: the Clarion soil 
is well drained, the Nicollet is somewhat poorly drained, and the Webster is poorly 
drained. Soils of the Sharpsburg-Macksburg-Winterset (SMW) association of southwest 
Iowa formed in loess parent material with all soil-forming factors the same except 
topography: the Sharpsburg is moderately well drained, the Macksburg is somewhat 
poorly drained, and the Winterset is poorly drained. To minimize the influencé of farmer 
management, individual fields were located that 1) were cropped to soybean and 2) 
contained the three soil series from each soil association adjacent to one another. 
Overall, 24 soils were sampled. 
Collection of Soil and Root Samples 
Soybean roots and rhizosphere soil were collected systematically during June 1992, 
when most plants were at the late vegetative (V6 to V7) to early reproductive (R1 to R2) 
growth stages. The previous crop, in most instances, was corn (Zea mavs L.). Soil 
series, organic matter (O.M.) contents, pH, P, gravimetric moisture at collection, and 
taxonomic classification are given in Tables 1 and 2. All soils had clay loam or silty-clay 
loam surface textures. 
Each soil was sampled by taking five plant roots and their rhizosphere soil. Plants 
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Table 1. Characteristics of Clarion-Nicollet-Webster association soils 
Location Series® O.M." PH" pb Pw' 
g kg'^  mg kg""" g kg'^  
1 Clarion 32 6.45 56 179 
Nicollet 38 5.90 58 183 
Webster 52 5.90 58 258 
Mean 40 6.10 57 206 
2 Clarion 33 6.70 191 175 
Nicollet 56 6.50 98 203 
Webster 70 7.60 75 230 
Mean 53 6.93 121 202 
3 Clarion 34 5.05 79 162 
Nicollet 37 5.20 74 192 
Webster 66 5.90 78 269 
Mean 46 5.36 77 207 
4 Clarion 49 6.75 78 171 
Nicollet 45 5.95 72 177 
Webster 53 6.85 75 246 
Mean 49 6.47 75 198 
Analysis of variance 
Series *** *** *** **•* 
Location *** *** *** 
Significant at P < 0.001. 
^ Clarion is a fine-loamy, mixed, mesic Typic Haplaquolls; Nicollet is a fine-loamy, 
mixed, mesic Aquic Hapludolls; Webster is a coarse-loamy, mixed, mesic Typic 
Haplaquolls. 
^ O.M. = organic matter was determined by wet oxidation; P by Bray PI extraction; 
and pfl by 1:1, soil to water. 
Pw = gravimetric water content at sampling. 
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Table 2. Characteristics of Sharpsburg-Macksburg-Winterset association soils 
Location Series® O.M.'' 
"
I Q. pb Pw' 
g kg""" mg kg'^  O
) 
1 Sharpsburg 38 6.30 33 145 
Macksburg 46 7.20 36 198 
Winterset 52 6.70 40 248 
Mean 45 6.75 36 197 
2 Sharpsburg 34 5.95 30 142 
Macksburg 51 5.65 36 200 
Winterset 41 6.72 46 250 
Mean 42 6.06 37 197 
3 Sharpsburg 35 6.60 12 149 
Macksburg 48 6.90 27 188 
Winterset 43 7.15 78 258 
Mean 42 6.90 39 198 
4 Sharpsburg 35 6.10 10 138 
Macksburg 48 5.85 15 203 
Winterset 44 5.90 22 242 
Mean 42 5.96 16 194 
Analvsis of variance 
Series *** *** 
Location *** *** *** *** 
Significant at P < 0.001. 
^ Macksburg is a fine-montmorillonitic, mesic, Aquic Argiudolls; Sharpsburg is a fine, 
montmorillonite, mesic Typic Argiudolls; and Winterset is a fine-montmorillonitic, 
mesic, Typic Argiaquolls. 
^ O.M. = organic matter was determined by wet oxidation; P by Bray P1 extraction; 
and pH by 1:1, soil to water. 
° Pw = gravimetric water content at sampling. 
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were randomly chosen from within the row at 3-m intervals. During collection, the shoot 
was cut at ground-level, the physiological growth stage noted, and the root system 
removed by using a soil-core extractor (10.5-cm diam. x 16-cm deep) centered over the 
tap root. Each soil/plant sample was placed individually into plastic bags for transport to 
the laboratory and stored at 4°C no longer than 1 week until fixed and presented. 
Mycorrhizal Fungal Colonization of Roots 
The plant tap root and attached lateral roots were carefully teased apart from adhering 
soil and washed gently to remove soil particles. Fine root segments were placed in plastic 
tissue-holding capsules and dipped into FAA (5 ml formalin, 5 ml glacial acetic acid and 
90 ml 70% ethanol) for 24 h and later preserved in 70% ethanol. 
Whole mounts of roots were made by using a modification of the procedure of Phillips 
and Hayman (1973). Roots segments, fixed in FAA, were autoclaved for 3 min in 10% 
KOH. These segments were then washed thoroughly with distilled water and stained in 
0.05% Trypan Blue in lactoglycerol by heating for 20 min until 90°C was reached. 
Roots were cut into 1-cm segments, and 30 root segments from each plant were 
mounted in lactoglycerol on glass slides. Slight pressure on the cover slip flattened the 
KOH-treated segments so that the characteristic vesicles, arbuscules, longitudinally 
running internal hyphae, and entry points of the endophytes appeared clearly against the 
outlines of the root cells. The presence (+) or absence (-) of mycelium, vesicles and/or 
arbuscules per segment was noted, which gave the number of root segments colonized 
per plant. One-hundred-and-fifty root segments per soil were used to determine the extent 
of colonization (percentage of roots showing either mycelia, vesicles, or arbuscules). 
VAMF Spore Enumeration 
Five soil subsamples (collected surrounding individual plants from each sampling 
location/series within a field) were thoroughly mixed to form a composite soil sample. 
Two, 50-g quantities of wet soil were taken from each sample, one for spore analysis and 
the other for moisture determination (dried 24 h at 105°C). 
A wet-sieving-and-decanting technique similar to the method of Gerdemann and 
Nicolson (1963) was used for spore collection. Wet soil (50 g) was added to 1000 ml of 
0.1 M Na^PgO? lOHgO and dispersed by vigorous stirring in a Waring blender for 2 min. 
The soil solution was latter transferred to plastic beakers, and the resulting suspensions 
were allowed to settle for 12 h. Then, the suspensions were gently decanted through a 
nest of sieves 500 fim (35 mesh), 140 nm (100 mesh), 61 |im (250 mesh) and 53 p.m 
(270 mesh) to remove the coarse and fine soil particles. The material retained on the fine 
sieves was washed into beakers. After the heavier particles settled, the water was filtered 
through a gridded millipore filter (pore size 0.80 fim). 
Each millipore filter was transferred to a plastic petri plate and systematically scanned 
under a stereoscopic microscope at 30 to 50X magnification, and endogonaceous spores 
that appeared with intact walls were counted. The number of spores in 50 g of wet soil 
was corrected for moisture content to give the number of spores in 50 g of dry soil. 
Data were analyzed by analysis of variance, LSD, and Pearson correlation analysis by 
using SAS (Statistical Analysis System) procedures (SAS Institute Inc., 1982). For 
correlation with drainage classes, classes were assigned values ranging from 1 for 
excessively and somewhat excessively drained to 6 for very poorly drained. 
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RESULTS AND DISCUSSION 
The soils used ranged from slightly acidic (Clarion soil, location 3, pH 5.1) to slightly 
alkaline (Webster soil, location 2, pH 7.6). In general, O.M. contents increased as soil 
drainage classes became more poorly drained (Tables 1 and 2). O.M. contents were 
more closely related to drainage in the CNW association than in the SMW association. 
For example, at location 2, the Clarion soil contained 33 mg O.M. kg'^  soil, Nicollet 56 mg 
kg'^  and Webster 70 mg kg'^ . In all but one soil, the well-drained representative of the 
toposequence had the lowest O.M. contents and, across both associations, the poorer 
drained soils had the highest O.M. contents. Differences in soil P and pH were not related 
to soil association/series, and likely reflected farmer management practices. Gravimetric 
moisture at sampling was correlated well (P< 0.001) with drainage class (Table 3a and 
3b). Even though most Iowa soils have tile drainage, the topographical position likely 
affects water infiltration and, thus, wetness of the soil throughout much of the year. 
The distribution of spores of VAMF in soils were significantly different among locations, 
series and series within a location (Tables 4 and 5). Soil from the CNW association 
averaged 417 spores (50 g)'\ whereas soil from the SMW association averaged 147. 
The major differences among locations perhaps reflected soil-management practices. 
Spore counts in the soil from location 4 of the CNW association had similar counts 
as did soils in the SMW association. At locations 1 and 2 in the CNW association, Nicollet 
(a somewhat poorly drained soil) had the highest spore counts (713 and 762), whereas at 
location 3 and 4, Webster (a poorly drained soil) had higher spore counts (447 and 244). 
Clarion soil (a well drained soil) had lower spore counts than Nicollet or Webster in all 
locations except location 1. The reasons for the low spore counts of the Webster soil at 
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Table 3a. Pearson correlation coefficients (r) between fungal colonization, spore counts 
and soil characteristics of Clarion-Nicollet-Webster association 
Col® O.M.* pH pa Drain® Pw' 
Spore 0.04 0.19 0.23 -0.06 0.20 0.03 
Col -0.20 0.05 0.10 *** -0.45 -0.23* 
O.M. 0.48 -0.24* 0.69 0.78 
pH 0.09 0.08 0.16 
P -0.45 -0.37*** 
Drain 0.78*** 
Table 3b. Pearson correlation coefficients (r) between fungal colonization, spore counts 
and soil characteristics of Sharpsburg-Macksburg-Winterset association 
CO 8 O.M.® pH pa Drain® P** 
Spore -0.06 0.74 -0.06 0.08 0.57 0.56*** 
Col -0.12 0.18 -0.18 -0.12 -0.14 
O.M. 0.07 0.23* 0.61*** 0.61*** 
pH 
«** 
0.53 0.31** 0.32** 
P - 0.58*** -0.62 
Drain 0.99 
*• "* Significant at P = 0.05, 0.01 and 0.001. 
® Col = VAMP colonization, O.M. = organic matter, P = Bray P1 phosphorus, 
Drain = drainage class, P^ = gravimetric water content at sampling. 
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Table 4. Soybean fungal colonization and VAM fungal spores in the rhizosphere of 
Clarion-Nicollet-Webster association soils 
Location Series Spore count VAM colonization 
(50 g)-^ soil % 
1 Clarion 637® 88® 
Nicollet 713 81 
Webster 226 74 
Mean 525 81 
LSD"^ 60 11 
2 Clarion 258 84 
Nicollet V 762 85 
Webster 739 74 
Mean 586 81 
LSD 53 NS 
3 Clarion 329 82 
Nicollet 417 78 
Webster 447 79 
Mean 398 80 
LSD 21 NS 
4 Clarion 113 85 
Nicollet 119 75 
Webster 244 82 
Mean 159 81 
LSD 16 NS 
Analysis of variance 
Series *•* ** 
Location *** NS 
Cumulative series mean 
Clarion 334 85 
Nicollet 502 80 
Webster 414 77 
LSD 19 6 
*, *" Significant at P = 0.05, 0.01 and 0.001 respectively, (NS = not significant). 
® Mean of five observations. 
Significant at the 0.05 level. 
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Table 5. Soybean fungal colonization and VAM fungal spores in the rhizosphere of 
Sharpsburg-Macksburg-Winterset association soils 
Location Series Spore count VAM colonization 
(50 g)-^ soil % 
1 Sharpsburg 157® 77® 
Macksburg 169 86 
Winterset 185 84 
Mean 170 82 
LSD^ 27 NS 
Sharpsburg 51 86 
Macksburg 188 68 
Winterset 174 79 
Mean 138 78 
LSD 50 13 
Sharpsburg 66 83 
Macksburg 159 83 
Winterset 122 71 
Mean 116 79 
LSD 27 27 
Analysis of variance 
Sharpsburg 73 77 
Macksburg 222 77 
Winterset 199 78 
Mean 165 NS 
LSD 19 10 
Series *** NS 
Location *** NS 
Cumulative series mean 
Sharpsburg 86 81 
Macksburg 185 78 
Winterset 170 78 
LSD 21 5 
*• "• *** Significant at P = 0.05, 0.01 and 0.001 respectively, (NS = not significant). 
® Mean of five observations. 
^ Significant at the 0.05 level. 
location 1 are unclear. There was a large difference in spore counts of Clarion vs. Nicollet 
and Webster soils at location 2, which presumably was related to the very high soil-test P 
(191 mg kg"^) found in this soil (Table 1), compared with P values for Nicollet (98 mg kg'^ ) 
and Webster (75 mg kg'^ ). 
At each location in the Sharpsburg-Macksburg-Winterset association (Table 5), the 
Sharpsburg soil (moderately well drained) had fewer spores (averaged 86 spores [50 g]'^ ) 
than did the Macksburg soil (somewhat poorly drained, averaged 185 spores) and the 
Winterset (poorly drained, averaged 170 spores) soils (P < 0.001). Across both 
associations, if location 1 of the CNW association were removed from the data set 
because of the unclear results from the Webster soil, a significant positive correlation was 
obtained between drainage class and spore numbers (P < 0.01, Appendix A.3). 
Little information is available on water availability and the VAMF sporulation 
relationship, especially under field conditions. Water activity was found to be an important 
determinant of VAM spore germination in vitro (Douds, Jr. and Schenck, 1991). Rabatin 
(1979) showed a seasonal variation in spore counts, and Read and Boyd (1986) noted 
changes in abundance of VAMF species during a season in field studies, but neither study 
related these changes to soil moisture contents. Saif et at. (1975), working in Pakistan, 
reported that Giaaspora sp. was only prevalent in soils that remained at approximately 50 
to 60% of water-holding capacity. 
Plant-root colonization by VAMF ranged from 74 to 88% for individual soils of the 
CNW association (Table 4), and from 68 to 86% for individual soils of the SMW 
association (Table 5). Means of soil series, however, varied only from 78 to 81% 
colonization. An overall correlation among all soils of both locations showed a significant 
negative correlation (P < 0.05, Appendix A.3) between colonization and drainage class. 
47 
When considered separately, colonization was negatively correlated (P< 0.001) with 
drainage class of soils in the CNW association (Table 3a) but not correlated with drainage 
class in the SMW association (Table 3b). These results were consistent with a previous 
study (Khalil et al., 1992), where roots from plants growing in Webster soils showed less 
VAMF colonization than did plant roots from Clarion soils. Root colonization was not 
correlated with spore numbers of soils (Tables 3a and 3b). Louis and Lim (1987), Jeffries 
et al. (1988) and Khalil et al. (1992) have reported similar results. 
Soil factors seldom vary independently, and a single relationship between soil 
properties and VAMF responses is unlikely in ecological studies (Mosse et al., 1981); For 
example, results of this study indicate a significant increase in soil O.M. contents as soil 
drainage becomes increasingly poor (Tables 3a and 3b). Perhaps fungi switched from 
vegetative growth to reproductive growth under conditions of poor drainage, or, with higher 
levels of soil O.M., spore production was stimulated. Mycorrhizal spore populations and 
fungal colonization has been positively correlated with the level of O.M. in soil (Sheikh et 
al., 1975; Hepper and Warner, 1983; St. John et al., 1983). With poor drainage and 
higher O.M. levels, perhaps colonization of roots decreased because growth conditions in 
the soil were less favorable for fungi, or the soil O.M. provided external energy leading to 
lower colonization of the root. Both of these occurrences are speculative because of the 
inability to separate these parameters in the present studies. 
Another possible explanation for higher spore counts in the poorly drained soils is that 
surface flow of water caused spore movements from the upland, well-drained positions to 
the low-lying, more poorly drained positions in the toposequence (Powell, 1980). Lighter 
densities of spores may lead to preferential spore movement over the more dense soil 
particles during water erosion of soil. Above all, these were farmer fields and cultivation of 
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soil may alter many biotic parameters of the soil which, in turn, affect the biological 
components. Differences in soil environments may impose different pressure on VAMF, 
causing differences in occurrence and in their level of spore production (Mosse and 
Bowen, 1968). 
Fungal species of VAM were not identified in these studies, so it is unclear whether 
increases in VAMF spore counts were related to increases in populations of a single 
species or multiple species that were better adapted to conditions in poorer drained soils. 
These results do serve, however, to illustrate that soil drainage and/or O.M. can play an 
important role in determination of VAMF colonization and distribution of spores in soils. 
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PAPER II 
MYCORRHIZAL DEPENDENCY AND NUTRIENT UPTAKE BY 




Plants often benefit when colonized by vesicular-arbuscular mycorrhizal fungi (VAMF) 
but apparently vary in their mycorrhizal dependency (MD). Little work has been done to 
evaluate variations in MD within corn or soybean cultivars. Six corn (Zea mays L.) and 
five soybean [(Glycine soja Sieb. & Zncc.) and (GIvcine max L.)] cultivars were evaluated 
for nutrient (N, P, K, Ca, Mg, and Zn) uptakes, growth responses, and root phosphatase 
activities, with and without two mycorrhizal fungi Giaaspora maroarita and Glomus 
intraradices. in a low available P soil. Soybean cultivars showed a higher MD than corn 
cultivars, and considerable variation occurred within cultivars. Among soybean cultivars, 
relative growth of the two unimproved cultivars (Soja [> 1900%] and Mandarin [> 400%]) 
was greater with VAMF colonization than without colonization. Among improved cultivars, 
relative growth was improved with colonization but to a lesser extent (BSR, Richland, and 
Swift cultivars averaged about 200% greater growth with colonization). An unimproved 
corn cultivar, Reid yellow dent, was unresponsive to mycorrhizal colonization, whereas 
another unimproved cultivar, Argentine pop, increased growth 400% with colonization. 
Total uptakes of P, N, K, Ca, Mg, and Zn were significantly greater (P < 0.001) in 
mycorrhizal.plants, but the percentages of N, Mg, and Ca were lower than nonmycorrhizal 
plants. VAMF colonization of roots ranged from 62 to 87%, and phosphatase activity, 
shoot weights, leaf areas, and the percentages of P were significantly correlated with 
mycorrhizal colonization. Mycorrhizal dependency of soybean was negatively correlated 
to root mass, indicating that plants with smaller root systems benefit more with VAMF 
colonization. 
Differences found in these studies in MD suggest that plant breeders should consider 
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this trait in tlieir breeding programs, and should try to match plant species to soils 
depending on P requirements of the plant, available P status of the soil, and ability of 
plants to benefit from VAMF under these conditions. Also, unimproved cultivars such as 
Soja may be an important source of breeding material for optimizing VAMF associations. 
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INTRODUCTION 
The importance of vesicular-arbuscular mycorrhizai fungal (VAMF) associations in 
agricultural crops is well documented (Bagyaraj, 1991; Barea, 1991; Jeffries and Dodd, 
1991). Plants benefit most from VAMF associations under nutrient-poor conditions, 
especially when P is limiting in soil (Smith, 1980; Cooper, 1984; Barea, 1991). In 
agricultural breeding programs where selection of cultivars has occurred under conditions 
of high fertility, the "improved" cultivars chosen may have less than ideal synergic 
microbial associations. Plant breeders may have selected for "biological sponges" of the 
nutrients provided, with the highest yielding cultivars placing a higher percentage of their 
photosynthate into plant biomass. In so doing, breeders may have inadvertently selected 
against plants capable of obtaining nutrients in a low-input system. With the production of 
a given amount of photosynthate, the plant may be challenged with a balance between 
high yields and a "leaky root system," which provides plant-derived photosynthate to a 
biological partner for a healthy symbiotic relationship. 
The P contents of soil may also affect the leakiness of the root system. Azcon and 
Ocampo (1981) reported that the P status of the host plant affects the soluble 
carbohydrate content of roots and root exudates, thereby regulating the C source and 
supply that would be available to VAMF . 
Improved cultivars, with their higher need for nutrients, are often more responsive to 
nutrient input than uncultivated wild-type plants (Chapin, 1980; Chapin et al., 1986). Koide 
et al. (1988) studied the response of wild (Avena fatua) and cultivated (A. sativa) oats to P 
fertilization. They reported that the wild oats produced less increase of shoot dry weights 
with added P than the cultivated oats varieties. Furthermore, they showed greater 
responsiveness of improved than the wild-type plants to VAMF associations. 
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A study involving eight wild accessions and two improved cultivars of Lvcopersicon 
esculentum in a low P soil showed that the cultivated plants were, in general, more 
responsive to VAMF colonization than the wild types (Bryla and Koide, 1990), although 
there were significant variations among wild accessions and among improved cultivars in 
responsiveness to colonization. Allen (1991) listed a number of plants that he called 
weedy domesticated plants (wheat (Triticum aestlvum). oats (Avena sativa). barley 
(Hordeum vulgaris), sorghum (Sorghum bicolore, rice (Oriza sativa). corn (Zea mays L), 
etc.), for which the wild ancestors often showed little or no response to mycorrhizae. 
Plant-nutrient acquisition and growth response to VAMF colonization are reported to 
depend on several inherent morphological and physiological traits of the plant: a) root 
fineness and root weight (Hetrick et al., 1988; Koide et al., 1988); b) root-hair length, 
diameter, and incidence (Manjunath and Habte, 1990); c) plant vegetative growth, 
reproductive growth, root-to-shoot ratio, and leaf area (Bryla and Koide, 1990); and d) 
photosynthate production and nutrient contents of the root exudates (Azcon and Ocampo, 
1981). Generally, it is believed that those species with more root development and less 
nutrient allocation to roots than shoots have less VAMF colonization and, thus, benefit 
less from VAM associations than those plants with less root development and more 
nutrients in root exudates. 
Acid phosphatase has been reported in VAM fungi (MacDonald and Lewis, 1978; 
Antibus et al., 1981; Kroehler et al., 1988). Although it's function is currently unclear, it 
may be associated with growth responses and acquisition of P from the rhizosphere. 
In this study, it was hypothesized that although improved cultivars would be more 
responsive to VAMF associations to fulfill their nutrient requirements than unimproved 
cultivars in a nutrient poor soil, the improved cultivars are not able to support the same 
57 
aggressive and effective VAMF association because of higher photosynthate flow to 
shoots than roots, it was further hypothesized that wild-type unimproved lines, having co-
evolved with these symbiotic associations, have longer turnover times, need less nutrients 
in a unit time, and have a higher level of colonization in a low-input system. 
Soybean and corn were used as test plants because little work has been reported for 
these important crops on their MD, and MD has been reported to vary from one plant 
species to another (Allen, 1991). Also, because plant responses have been reported to 
be a function of the fungus involved in the symbiosis (Menge et al., 1978), two fungal 
inocula (G. intraradices and Gi. maraarita) were used for inoculation. 
The objectives of this study were: 
1) To determine growth responses and MD of improved and unimproved cultivars. 
2) To compare the abilities of cultivars to uptake nutrients (P, N, Ca, Mg, K, Zn) from 
soil under mycorrhizal and nonmycorrhizal conditions in a low-input system. 
3) To determine the relationship between plant morphological characteristics (leaf 
area, shoot weight, root weight) and acid phosphatase activity with mycorrhizal 
dependency. 
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MATERIALS AND METHODS 
Soil Preparation 
The soil used in this study was uncultivated and contained low P (Nicollet: 34 g kg'^  
organic matter, 6.2 mg kg'^  Bray P1-extractable P, 43 mg kg"^ ammonium acetate 
exchangeable K, and pH 6.60), which was collected from the railroad site at the Agronomy 
and Agricultural Engineering Research Farm, Iowa State University, located in Boone 
County, lA. The soil was mixed with silica sand in a 60:40 ratio and steam sterilized twice 
in cotton bags for 2 h at 121 °C, with 7 day duration between sterilization cycles. 
Plastic pots were rinsed with 75% ethanol, and 6 kg of the soil/sand mixture was 
transferred to each pot. Pots were arranged on the greenhouse bench and leached twice 
daily with distilled sterilized water for one week to remove any undesirable salts or toxic 
products from the autoclaving. 
IMycorrhizae Inocula 
G. intraradices commercial fungal inoculum was obtained from Nutri-Link, Salt Lake 
City, UT. G[. margarita (1-105) inoculum was obtained from the International Culture 
Collection of Arbuscular and VA Mycorrhizal Fungi (INVAM), Morgantown, WV. Both 
inocula were propagated on soybean in greenhouse pot cultures. Mycorrhizal fungal 
inoculation of soils in test pots was done by mixing the contents of each pot with 50 g of 
inocula of G. intraradices or G[. margarita. which consisted of a mixture of potting medium, 






Soja (Glycine soia Sieb. & Zucc.) (PI 468.916, USDA Germplasm collection, Urbana, 
IL) 
Mandarin (Glycine max L. Merr.)(PI 36653, USDA Germplasm collection) 
Improved 
Richland (PI 70502-2, USDA Germplasm collection) 
Swift (Minnesota Agricultural Experiment Station, St. Paul, MN) 
BSR 201 (Iowa State University Experiment Station, Ames, lA) 
Corn 
Unimproved 
Tama flint (PI 21711, North Central Regional Plant Introduction Station, Ames, I A) 
Argentine pop ( PI 217404, North Central Regional Plant Introduction Station) 
Reid yellow dent (PI 213703, North Central Regional Plant Introduction Station) 
Improved 
Munson (hybrid LH132 X LH59, Galesburg, IL) 
Top farm (hybrid LOL 432 X T22047R, Cakato, MN) 
Wellman (variety W1610, Delphos, OH) 
Planting 
Seeds of soybean and corn cultivars were surface disinfected and pre-germinated on 
water agar. Surface disinfection involved soaking the seeds in 80% ethanol for 1 min, 
followed by soaking in a NaOCI solution (16 mg NaOCI 1"^) for 6 min, and subsequent 
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washing with sterile deionized water 6 times. 
Three germinated seeds were planted per pot, with or without VAM inoculum, and 10-
days seedlings were thinned to one per pot. Pots were arranged in a completely 
randomized design in the greenhouse. The mean minimum and maximum daily 
temperatures during the study were 22 and 25 °C, respectively. Light intensity at the 
bench surface was 960 jimole photon m'^  s'\ with a 15'^  photoperiod. 
The statistical design consisted of 33 treatments, with a factorial combination of three 
inocula treatments (the two fungi plus an uninoculated control) and 11 plants types. There 
were three replications for each treatment. 
Watering Schedule 
Plants were watered alternately with sterile a) distilled water and b) nutrient solution 
(Broughton and Dillworth, 1970) containing 147 mg L"^ CaCl2-2H20, 13 mg L'^  KHgPO^, 
3.3 mg L'^  Fe-citrate, 61.6 mg L'^  ^^gSO^VHgO, 43.5 mg L*^ KgSO^, 0.168 mg L"^ 
IVInSO^ HgO, 0.123 mg L"^ H3BO3, 0.144 mg L'^  ZnS04-7H20. 0.05 mg L"^ CuSO^ SHgO, 
0.028 mg L'^  C0SO4 7H2O, 0.024 mg L"^ Na2Mo02-2H20 and KNO3 70 mg L'\ The 
phosphate level was reduced to 3.1 mg PO4-P L"^ (1/5 of the recommended amount for 
standard plant growth). 
Plant Growth and Nutrient Uptake Measurements 
Plants were harvested 10 weeks after emergence when soybean cultivars were at the 
early-to-late reproductive stage (R7 to R8). The foliage lost by the early maturing cultivars 
was saved and later added to the plant tissue harvested for analysis. Corn cultivars were 
at the tasseling-to-silking stage (VT to R1), except for Argentine pop at the V8 to V9 
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Stage. 
Roots were gently washed to remove soil/sand particles and cut from the shoots at 
ground level. Root fresh weights were recorded after uniformly blotting excess moisture 
with water-absorbent paper towels. Representative subsamples of fine lateral roots were 
cut from main roots for determinations of acid-phosphatase activity and VAMF 
colonization. 
Because fresh root samples were used for some of the determinations, two 
subsamples (1 g plant"^) of fine and coarse roots were dried at 70 °C for 48 h to 
determine moisture contents, and root dry weights were calculated by using these values. 
Shoots were dried in paper bags at 70 °C for 48 h, after which dry weights were recorded. 
Plant tissue was ground to pass a 30-mesh screen and digested with HgSOyHgOg by 
using the Hach Digesdahl Digestion Standard Procedure (Hach Company, 1988). The 
digest was analyzed for P and N colorlmetrically (P with molybdo-phosphate and^ N with 
Nessler's reagent). Potassium and Ca in extracts were detennined by a flame photometer 
(Perkin Elmer 51 Ca), whereas Mg and Zn were determined with a atomic absorption 
spectrophotometer (Perkin Elmer 272). Blanks and standard reference materials were 
included in each test to check the accuracy and precision of analytical procedures. 
Mycorrhizal Fungal Colonization 
Root pieces were transferred to tissue-holding capsules, where they were cleared and 
stained by using a modified Phillips and Hayman's (1970) procedure. Roots were first 
autoclaved at 121 °C for 3 min in 10% KOH to clear the plant cytoplasm, washed 
thoroughly with distilled water, and stained by simmering in 0.5% Trypan blue at 90 °C for 
10 min. 
62 
Mycorrhizal fungal colonization was cletennined by observing the stained root 
subsamples by the grid line-intersect method (Giovannetti and Mosse, 1980). Root pieces 
were spread out evenly in square plastic (10.2 X 10.2 cm) petri dishes. A grid of lines 
was marked on the bottom of dishes to form 12.5 mm squares. Petri dishes were 
scanned under the stereoscope at 40X magnification along vertical and horizontal grid 
lines. Presence or absence of colonization was recorded at each point where roots 
intersected a line. Three sets of observations were recorded along 100 root/grid line 
intersections. Each observation was made on a fresh re-arrangement of the same root 
subsample. The percentage of roots colonized was expressed as the number of 
intersections with colonized roots from the 100 intersections counted. 
Mycorrhizal Dependency 
Mycorrhizal dependency or response to mycorrhizal colonization was calculated by 
using the following formula (Plenchette et al., 1983): 
Dry weight of mycorrhizal plant -
Dry weight of nonmycorrhizal plant 
MD = X 100 
Dry weight of mycorrhizal plant 
where MD stands for relative mycorrhizal dependency. 
Leaf Area 
Leaf lengths (L) and widths (W) were measured for plants in all treatments 9 weeks 
after emergence. For soybean cultivars, measurements were made on the fourth leaf 
from the bottom, with cotyledonous leaves counted as the first leaf. All leaflets were 
measured and leaflet areas were given as the mean of three leaflets plant'^  and nine 
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leaflets treatment'\ For corn cultivars, the seventh leaf from the bottom was used for 
measurements. Leaf areas (A, cm^) were estimated by using the following equation 
(Wiersma and Bailey, 1975): 
A = 0.624 + 0.723LW 
Phosphatase Activity 
Acid phosphatase activity associated with roots of corn and soybean cultivars was 
determined by the methods of Tabatabai and Bremner (1969) and Juma and Tabatabi 
(1988); that measured p-nitrophenol released when 0.1 g of fresh fine root segments was 
incubated with 1 mL of 5 mM p-nitrophenyl phosphate, and 4 mL of modified universal 
buffer, pH 5 (soybean) and 4.5 (corn), for 1 h at 37 °C. The reaction was terminated by 
the addition of 1 mL of 0.5 M CaClg and 4 mL of 0.5 M NaOH. Samples were filtered 
through Whatman no. 2v folded filter paper, appropriate dilutions were made, and 
intensities of the yellow-colored filtrate were measured with a Klett-Summerson 
photoelectric colorimeter, p-nitrophenol contents of filtrates were determined from a 
calibration curve. 
Data were analyzed by analysis of variance, orthogonal contrasts, LSD, and Pearson 
correlation analysis by using SAS (Statistical Analysis System) procedures (SAS Institute 
Inc., 1982). 
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RESULTS AND DISCUSSION 
Plant Growth 
Mycorrhizal fungal colonization significantly (P < 0.0001) improved shoot weights, root 
weights, and leaf areas in all soybean cultivars (Table 1). Cultivar differences were great; 
for example, among unimproved cultivars, shoot growth of Soja was enhanced > 19 times 
with both Gi. maraarita and G. intraradices. whereas Mandarin growth improved about four 
times with Gi. maraarita and twice with G. intraradices. The improved soybean cultivars 
(BSR, Richland, and Swift) gave a more unifonn response to VAMF colonization, with an 
average response of 2.6. Shoot dry weights and leaf areas of improved cultivars were 
greater with G. intraradices (P < 0.001) than with G[. maraarita (Table 1). 
The significant differences in shoot and root dry weights (P < 0.0005) among soybean 
cultivars (Table 1) suggest differences in growth rates, leaf areas, form, or other 
phenotypic or genotypic characteristics. Soja is a creeping variety, with small stems and 
leaves. The mean area of the sampled leavelet of Soja were less than 8 cm^, compared 
with other cultivars (e.g., Richland or BSR) that had mean leaflet areas greater than 30 
cm^. Although plants were han/ested at early-to-late maturity, growth rate and maturity of 
the plants varied. Swift belongs to maturity Group 0, Mandarin to maturity Group I, 
Richland to maturity Group II, and Soja to maturity group III. Differences in shoot and root 
weights of improved and unimproved cultivars were also highly significant (P < 0.0005). 
Lower root/shoot ratios are often reported with improved plant nutrition, and some 
studies have reported lower root/shoot ratios with mycorrhizal fungal colonization (Asimi et 
al., 1980; Redente and Reeves, 1981; Piccini et al., 1988). With soybean in these 
Table 1. Plant growth parameters and phosphatase activity of soybean cultivars. 











































































































® /#g p-nitrophenol released per 0.1 g of root material per h. 
Mean of three replications. 
^ Significant at the 0.05 level. 
NS, not significant at P < 0.05. 
Table 1. Continued 
Cuitivar Treatment Shoot wt. Root wt. Root/shoot Leaflet area Phos. activity® 
Swift 
g plant"^ g plant'^ ratio cm^ leaflet'^ 
Control 3.03^ 2.13 0.66 11.99 88.0 
Gi. maraarita 5.43 5.05 0.92 23.57 145.0 
G. intraradices 9.30 5.38 0.57 33.12 78.6 
LSD 2.72 2.45 0.32 5.01 11.4 









Gi. maraarita vs. 
G. intraradices 
































studies, however, the root/shoot ratios of mycorrhizal and nonmycorrhizal plants were 
similar. Soja had the lowest shoot/root ratios, but had the highest response to 
mycorrhizae. 
Shoot and root dry weights, root/shoot ratios, and leaf areas were significantly different 
(P < 0.0001) among corn cultivars and among treatments (Table 2). Reid yellow dent was 
unresponsive to mycorrhizae, and the control shoot growth of this cultivar was the best of 
any cultivar tested. Differences in growth parameters (shoot weight, root weight, and leaf 
area) were highly significant (P < 0.0005) between improved and unimproved cultivars. 
Among unimproved corn cultivars, Argentine pop increased growth about four times with 
maraarita and G. intraradices colonization over the control, and both fungi gave similar 
increases in dry matter yields (Table 2). In two of the unimproved cultivars (Tama flint 
and Reid yellow dent), root dry weights were not significantly different for mycorrhizal and 
nonmycorrhizal treatments; however, with improved cultivars, increases in root weights of 
mycorrhizal plants were found, and growth of both shoot and root dry weights were almost 
twice as high as nonmycorrhizal controls. 
There was a significant Œ maraarita vs. G. intraradices contrast for all traits evaluated 
(Table 2). The mean shoot dry weights for Gi. maraarita were greater than for G. 
intraradices (P < 0.001), but the mean root dry weights for G. intraradices were greater 
than for Gi. maraarita (P < 0.01). This suggests even though both fungi increased dry 
weights, one partition the photosynthate into shoots and one into roots, which resulted in a 
highly significant contrast between root/shoot ratios (P < 0.0001). To the author's 
knowledge, this observation of differential partitioning between VAM fungi has not been 
previously reported. 
Table 2. Plant growth parameters and phosphatase activity of corn cultivars. 



















































































G[. margarita 34.06 











® ng p-nitrophenol released per 0.1 g root material per h. 
^ Mean of three replicates. 
Significant at the 0.05 level. 
NS, not significant at P < 0.05. 
Table 2. Continued 



































































































Overall, unimproved com and soybean cultivars were quite variable in growth 
responses to mycorrhizal fungal colonization, whereas improved cultivars increased 
growth more uniformly with VAMF colonization. 
Nutrient Uptake 
Total plant P was significantly different (P < 0.0001) among cultivars and treatments 
for both soybean and corn (Tables 3 and 4). Differences were also significant for total P 
between improved vs. unimproved soybean and corn cultivars. Total N in plant tissue was 
significantly higher in mycorrhizal soybean and com cultivars (P < 0.005), but the % N 
was significantly lower (Tables 3 and 4). Tissue % P of the soybean cultivars and the % 
P of Reid yellow dent, Tama flint, Munson, and Top farm significantly increased with 
VAMF colonization. 
Potassium, another nutrient similar to P that has low mobility in soil and moves mostly 
by diffusion to plant roots, was found in significantly higher concentrations (% K) in 
mycorrhizal soybean cultivars, but lower in mycorrhizal corn cultivars, compared with 
nonmycorrhizal controls (Table 3 and 4). Total K uptake was higher in both mycorrhizal 
corn and soybean (Table 3 and 4). Differences between mycorrhizal fungi were not 
significant. The lower percentage of K in mycorrhizal corn may suggest a greater dilution 
with more tissue produced. The average total K uptake of soybean was 58.2 mg K 
plant'\ whereas the average total K uptake of corn was 184.7 mg K plant'\ 
Enhanced uptake of Zn has been reported by VAMF colonization (Harley and Smith, 
1983). In this study, we found significantly higher total Zn uptake in mycorrhizal corn and 
soybean (P< 0.0001), but the percentages of Zn in mycorrhizal and nonmycorrhizal tissue 
were similar (Table 5 and 6). 
Table 3. Phosphorus, N, and K uptake in soybean cultivars. 
Cultiver Treatment Total P Total N 























































® Mean of three replicates. 
Significant at the 0.05 level. 

















N Total K K 
% mg plant"^ % 
4.60 15.1 0.65 
4.32 77.2 0.86 
3.82 55.6 1.02 
0.65 34.5 0.29 
3.90 1.2 0.31 
3.24 66.3 0.85 
3.32 78.0 0.92 
NS 17.2 0.10 
3.61 14.5 0.43 
3.31 63.6 0.78 
3.16 75.6 0.78 
NS 23.8 0.23 
4.38 37.2 0.93 
3.16 123.3 1.02 
3.43 76.9 1.00 
0.48 22.7 NS 
Table 3. Continued 
Cuitivar Treatment Total P P Total N N Total K K 
• mg plant'i % mg plant'i % mg plant'i % 
Swift 
Control 6.0® 0.22 141.9 4.68 24.8 0.82 
Gl. maraarita 15.1 0.27 228.4 4.19 61.4 1.13 
G. intraradices 21.0 0.23 324.9 3.49 102.4 1.11 
LSD 3.4 NS 108.8 0.90 20.4 0.21 
Analysis of Variance 
Sianificance of F value 
Cuitivar < 0.0001 < 0.0001 < 0.0005 < 0.0001 < 0.0005 < 0.0001 
Treatment < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 
Interaction <0.0001 < 0.0001 < 0.05 NS <0.0001 <0.05 
Contrast 
Improved vs. <0.005 NS < 0.001 NS < 0.0005 < 0.005 
unimproved 
Mycorrtiizal vs. < 0.0001 < 0.0001 < 0.0001 < 0.0001 <0.0001 < 0.0001 
nonmycontiizal 
Gi. maraarita vs. < 0.0001 < 0.0001 < 0.0001 NS NS NS 
ro 
G. intraradices 
Table 4. Phosphorus, N, and K uptake In corn cultlvars. 
Cultivar Treatment Total P P Total N N Total K K 
mg plant'^ % mg planf^ % mg plant"^ % 
Unimproved 
Argentine pop 
Control 05.3 0.15 115.7 3.19 125 2.61 
Gi. maraarita 28.6 0.16 361.4 2.05 178 1.01 
G. intraradices 24.6 0.14 221.4 1.24 209 1.20 
LSD° 7.5 NS 157.3 0.38 NS 0.77 
Reid yellow dent 
Control 17.2 0.06 284.7 1.14 203 0.82 
Gi. maraarita 25.7 0.09 275.3 0.81 225 0.78 
G. intraradices 26.1 0.11 207.5 0.94 149 0.66 
LSD NS 0.02 NS 0.56 NS NS 
Tama flint 
Control 11.9 0.08 217.5 1.58 126 0.86 
Gi. maraarita 36.7 0.12 274.7 1.94 150 0.54 
G. intraradices 34.7 0.13 287.0 1.17 119 0.46 
LSD 11.2 0.01 NS 0.56 NS 0.23 
Improved 
Munson 
Control 14.5 0.07 282.9 1.51 179 0.96 
Gi. maraarita 34.3 0.10 379.9 1.02 353 1.04 
G. intraradices 33.0 0.12 277.0 1.02 157 0.58 
LSD 4.4 0.01 108.8 0.41 89 0.28 
^ Mean of three replicates. 
Significant at the 0.05 level. 
NS, not significant at P < 0.05. 
Table 4. Continued 
Cultivar Treatment Total P P Total N N Total k k 



























































Analysis of Variance 















































Table 5. Calcium, Mg, and Zn uptake in soybean cultivars. 
Cultivar Treatment Total Ca Ca Total Mg 























































^ Mean of three replicates. 
Significant at the 0.05 level. 

















Mg Total Zn Zn 

















































Table 5. Continued 
Cultivar 
Swift 
Treatment Total Ca Ca Total Mg Mg Total Zn Zn 
• 
mg plant'i % mg plant'1 mg plant'^ % 
Control 22.43 0.74 17.33 0.57 0.42 0.01 
Gi. margarita 23.13 0.42 29.70 0.54 0.54 0.01 
G. intraradices 35.60 0.38 53.53 0.58 1.41 0.01 
LSD 11.40 0.07 9.93 NS 0.44 NS 






Gi. margarita vs. 
G. intraradices 
Significance of F value 
Cultivar < 0.0001 <0.05 
Treatment < 0.0001 <0.05 







< 0.0001 < 0.0001 < 0.0001 < 0.0001 
< 0.0001 < 0.0001 < 0.0001 NS 
< 0.0001 < 0.005 < 0.0001 < 0.0001 
< 0.0001 <0.05 < 0.0001 NS 
< 0.0001 < 0.0001 < 0.0001 NS 
NS NS NS NS 







Reld yellow dent 
Tama flint 
Munson 
® Mean of three replicates. 
Significant at the 0.05 level. 
NS, not significant at P < 0.05. 
Total Ca Ca Total Mg 
% mg plant"^ 
Unimproved 
29.26® 0.60 44 
63.33 0.36 157 
70.40 0.40 221 
20.40 0.12 59 
76.66 0.31 134 
87.33 0.29 188 
53.33 0.24 228 
NS NS 91 
44.66 0.32 72 
49.00 0.17 157 
63.00 0.25 156 
NS NS NS 
improved 
59.60 0.32 101 
81.76 0.24 204 
68.63 0.25 176 













mg plant" ' 
Mg Total Zn Zn 

















































Table 6. Continued 

















































































































The uptake of Ca and Mg, reported mainly to reach plant roots by mass flow, was also 
enhanced by mycorrhizae (Table 5 and 6). Total Ca and Mg concentrations were 
significantly different among cultivars and treatments. Mean comparisons of improved vs. 
unimproved and mycorrhizal vs. nonmycorrhizal were also significantly different for Ca and 
Mg. Percentage Mg was not significantly different, however, in corn cultivars between 
mycorrhizal and nonmycorrhizal plants but was different in soybean cultivars. Percentage 
Ca decreased significantly in mycorrhizal corn and soybeans (P< 0.0001). Decreases in 
percentage concentrations and increases in total contents of N, Ca, and Mg in mycorrhizal 
plants has been reported due to a faster growth rate of mycorrhizal plants, which dilutes 
concentrations of available nutrients (Hall, 1978; Bryla, and Koide, 1990). Differences in 
percentages Ca and Mg among Œ. marqarita- and G. intraradices-colonized plants were 
not significant. 
Phosphorus has been reported to be the most important nutrient involved in 
mycorrhizal plant-growth responses, and is consistently found in higher concentrations in 
mycorrhizal plants than in nonmycorrhizal controls (Smith and Gianinazzi-Pearson, 1988). 
Increases or decreases in concentrations of plant nutrients other than P also may result 
from mycorrhizal fungal colonization, either as a direct effect of the mycorrhizal fungus or 
as a secondary effect of P limitations. 
Relatively few studies have determined directly the role of mycorrhizal fungi in plant 
uptake of nutrients other than P and N. Several papers have reported increased uptakes 
of Zn (La Rue, et al., 1975; Brown and Wilkins, 1985; Wellings et al., 1991), Ca, K, and 
Mg (Hall et al., 1977; Hall, 1978; Azcon and Ocampo, 1980; Chapin, 1980), but results are 
not very conclusive. For example, Azcon and Ocampo (1980) reported higher N, P, K, 
Ca, and Mg contents in plant tissue with VAMF colonization but found no significant 
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correlation to MD or mycorrhizal colonization in the 13 wheat cultivars in their study. 
Increased uptakes of several of the nutrients found in these studies may indeed reflect 
a nutrient limitation of P, and with greater plant tissue produced, greater uptake of these 
nutrients occurred. 
Data of Tables 7 and 8 show significant correlations for both soybean and corn (P < 
0.001) between mycorrhizal colonization and shoot weights, root weights, leaf areas, 
phosphatase activity (P < 0.01 only for soybean), and percentages P in tissue (soybean 
only). There was no correlation between colonization and root/shoot ratios. 
Mycorrhizal Colonization and Dependency 
The percentages of soybean roots colonized by mycorrhizal fungi ranged from 62 to 
87% (Table 9). No significant difference was found between G. intraradices and Gi. 
marqarita colonization, but different cultivars responded differently to mycorrhizal 
colonization (P < 0.01). Mycoi-rhizal dependency of soybean cultivars was significantly 
different among cultivars (P< 0.0001), and contrasts showed unimproved cultivars were 
more dependent on mycorrhizae than improved cultivars. My results contradict some of 
the previous studies, in which wild-type plants were found to be less dependent on 
mycorrhizae (Bryla and Koide, 1990; Allen, 1991). 
Mycorrhizal fungal colonization was not significantly different among corn (Table 10) 
cultivars, treatments, or fungi (range 49 to 68%), but MD varied significantly (P < 0.01) 
among treatments, cultivars, and fungi. Of the unimproved cultivars, Argentine pop was 
highly mycorrhizal dependent, whereas Reid yellow dent was seemingly independent of 
mycorrhizae. The contrast Gi. marqarita vs. G. intraradices for means of all cultivars 
showed a significant difference, favoring Gi. marqarita. 
Table 7. Correlation among morphological and physiological characteristics of soybean cultivars. 
Root wt.® Root/shoot - Col.^ Leaf area Phos. act.'^  % P Dependency^ 
Shoot wt.® 0.637***, -0.122 0.799*** *** 0.564 0.397** 0.417** 0.365* 
Root wt. 0.580*** 0.572*** *#* 0.763 0.371** 0.267 -0.536** 
Root/shoot -0.057 0.312* 0.096 0.010 *** -0.793 
Col. 0.532 0.481** *** 0.516 0.238 
Leaf area 0.233 0.228 *** -0.604 
Phos. act. 0.274* -0.160 
% P 0.063 
*• "• "* Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. 
^ Shoot weight, root weight (g planf^). 
Only correlates mycorrhizal colonization and dependency (%) of mycorrhizal plants; does not include controls. 
^ Phosphatase activity (jiq p-nitrophenol released per 0.1 g plant root material per h). 
Table 8. Correlation among morphological and physiological characteristics of corn cultivars. 
Root wt.B Root/shoot Col." Leaf area Phos. act.G % P Dependency" 
Shoot wt.® 0.387 -0.373"* 0.643*** -0.756"* 0.153 0.039 0.039 
Root wt. 0.660*" 0.424"* 0.272* 0.572*** 0.038 0.119 
Root/shoot -0.028 0.347 0.470"* 0.058 0.185 
Col. 0.649"* 0.395"* 0.132 0.078 
Leaf area 0.119 0.031 -0.403" 
Phos. act. 0.038 0.401" 
% P -0.405" 
*• **• *** Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. 
® Shoot weight, root weight (g plant*^). 
^ Only correlates mycorrhizal colonization and dependency (%) of mycorrhizal plants; does not include controls. 
^ Phosphatase activity ((ig p-nitrophenol released per 0.1 g plant root material per h). 
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Table 9. Percentage mycorrhizal fungal colonization and dependency of soybean cultivars. 






Gi. maraarita 83® 67.3 
G. intraradices 74 61.0 
LSD° NS 5.8 
Mandarine 
Gi. maraarita 64 72.6 
G. intraradices 79 55.6 
LSD NS 13.4 
Richland 
Gi. maraarita 83 67.3 
G. intraradices 71 48.3 
LSD NS 13.0 
Soja 
Gi. maraarita 81 94.6 
G, intraradices 87 94.0 
LSD NS NS 
Swift 
Gi. maraarita 62 66.0 
G. intraradices 79 43.3 
LSD NS 12.6 
Analysis of Variance 
Sianificance of F value 
Cuitivar < 0.01 < 0.0001 
Treatment NS < 0.001 
Interaction < 0.001 < 0.0001 
Contrasts 
Improved vs. unimproved NS < 0.0001 
Gi. maraarita vs.G. intraradices NS < 0.001 
® Mean of three replicates. 
° Significant at the 0.05 level. 
NS, not significant at P < 0.05. 
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Table 10. Percentage mycorrhizai fungal colonization and dependency of corn cultivars. 





















Gi. maraarita 68 44.6 
G. intraradices 62 30.6 
LSD NS 6.3 
Gi. maraarita 49 8.3 
G. intraradices 56 -10.6 
LSD NS NS 
Gi. maraarita 65 47.3 
G. intraradices 61 44.3 
LSD NS NS 
Gi. maraarita 64 53.0 
G. intraradices 53 40.3 
LSD 10 NS 
Gi. maraarita 65 50.6 
G. intraradices 67 36.3 
LSD NS NS 
Significance of F value 
Contrasts 
Improved vs. unimproved 











^ Mean of three replicates. 
Significant at the 0.05 level. 
NS, not significant at P< 0.05. 
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Mycorrhizal dependency of soybean (Table 7), but not of corn (Table 8), was 
negatively correlated with root mass (P < 0.01). This may be related to the tap-root 
nature of soybean vs. the fibrous-root nature of corn. With soybean, the root mass was 
an important determinant in predicting MD. 
Phosphatase Activity 
Acid phosphatase activity (Tables 1 and 2) varied significantly among cultivars and 
treatments in both corn and soybean cultivars (P < 0.0001). Also, mean comparisons of 
improved vs. unimproved, mycorrhizal vs. nonmycorrhizal, and Gi. maraarita vs. G. 
intraradices treatments were significant. Phosphatase activity was correlated (P <0.005) 
to VAMF colonization (Tables 7 and 8). This suggests that P uptake may be enhanced 
not only by increased soil contact through extramatrical mycelium, but also by enhanced 
phosphatase activity of the mycorrhizal fungal root. 
Higher phosphatase activity, which presumably are involved in acquisition of P from 
soil, have been reported by few researchers (Gianinazzi et al., 1979; Dodd, et al., 1984; 
Kroehler, 1988). The importance of phosphatase activity, however, is unclear. For 
example, studies have shown an inverse correlation between extractable inorganic P from 
soil and acid phosphatase activity (Alexander and Hardy, 1981; Kroehler et al., 1988). Not 
all of the phosphatase activity of the controls may be attributed to the plants because 
phosphatase activity also is influenced by microbial activity in the plant rhizosphere 
(Krishna and Bagyaraj, 1984). Although these studies were conducted in autoclaved soil 
in a green house, other soil microorganisms may have developed in 10 weeks (not 
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examined), and some of the phosphatase activity may have been associated with these 
organisms. Nevertheless, greater activity occurred in the mycorrhizal treatments than in 
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PAPER III 




Plant species differ in mycorrhizal dependency (MD). This study evaluated plant traits 
that may control the MD of three soybean cultivars ([Soja, GIvcine sola Sieb. & Zncc,] and 
Mandarin and Swift [Glycine max L. Merr.]). These cultivars were chosen to represent a 
range in MDs. Plant traits considered were growth rate, P uptake, P use efficiency, root 
morphology and phosphatase activities, with and without mycorrhizal fungal (Giaaspora 
maraarita) colonization. This study was conducted in a growth chamber at three relative P 
levels: low, medium and high. Results indicated significant cultivar-by-mycorrhizae and 
cultivar-by-P level interactions. Mycorrhizal dependency of Soja decreased from 70% in 
low P to 10% in high P. Mycorrhizal colonization at high P resulted in a 4.3% reduction in 
shoot weights of Swift. At low P, mycorrhizal Soja plants had 564% greater total P than 
nonmycorrhizal plants. Comparable values for Mandarin and Swift cultivars were 242 and 
165%, respectively. Soja roots had higher phosphatase activities and a higher percentage 
increase in activity with mycorrhizal colonization compared with the other two cultivars 
studied. Soja root lengths (ave. 1401 cm) were significantly less than Swift and Mandarin 
lengths (2236 and 2303 cm, respectively). The mean diameter of lateral roots of Soja 
(0.38 mm) was greater than Swift and Mandarin (ca. 0.26 mm). Root lengths and surface 
areas were negatively correlated with MD. These results indicated that the unimproved 
cultivar Soja, with a slow growth rate, a small shoot biomass and a small root surface 
area, was relatively more dependent on mycorrhizae than Mandarin and Swift. Acid 
phosphatase enzyme activity of roots and relative mycorrhizal symbioses are perhaps 
mechanisms developed through evolution to enhance P uptake in low P soils. Soja 
appears to be more advanced in these mechanisms. 
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INTRODUCTION 
In nature, a mycorrhizai association is considered the rule, and few plants naturally 
exist without mycorrhizae (Gerdemann, 1971). Plant species, as well as cultivars within 
species, however, differ in their response to vesicular-arbuscular mycorrhizai fungal 
(VAMF) colonization (Azcon and Ocampo, 1980; Bryla and Koide, 1990). Mycorrhizai 
dependency is defined as "the degree to which a plant species is dependent on the 
mycorrhizai condition to produce maximum growth or yield at a given level of soil fertility" 
(Gerdemann, 1964). Variation in MD of plant species has been related to inherent 
capacities of plants to absorb P from low P soils (Hayman, 1983; Plenchette et al., 1983; 
Giovannetti, 1987) and the P use efficiency (PUE) of plants; i.e., the amount of biomass 
produced per unit of P taken up (Menge et al., 1978). PUE reflects how responsive a 
plant is to a given increase or decrease in applied P; thus, if a plant has high PUE, a 
given increase in P absorption due to mycorrhizai colonization would have a greater effect 
on growth than if PUE was low (Bryla and Koide, 1990). 
Because the demand for P is directly related to growth rate of a plant species 
(Rorison, 1987), growth rate may influence the extent to which a plant species is 
mycorrhizai dependent. If total P contents for maximum growth were equal, those plants 
with shorter life spans, on average, would require higher rates of nutrient absorptions to 
produce maximum growth, and thus would be more mycorrhizai dependent than plants 
with longer life spans and slower growth rates (Bryla and Koide, 1990). 
Differences in plant root morphology, such as root length, root surface area, root 
mass, root-hair length, root-hair diameter and root-hair incidence have been reported as 
important determinants of MD (Baylis, 1972; 1975; Hetrick et al., 1988; Manjunath and 
Habte, 1990). Generally, species with greater root development appear to be less 
mycorrhizal dependent than those with less root development. 
Acid phosphatase enzyme also is directly involved in the acquisition of P by plants. 
Mycorrhizal fungal colonization has been shown to influence root acid phosphatase activity 
in mycorrhizal plants, and acid phosphatase activity in VAMF structures has been 
detected both inside and outside of roots (MacDonald and Lewis, 1978). Others report no 
differences, however, in phosphatase activity between mycorrhizal and nonmycorrhizal 
roots (Gianinazzi-Pearson and Gianinazzi, 1986). Differences in levels of phosphatase 
activity in the root and rhizosphere of different plant species [rape (Brassica napus L), 
wheat (Triticum aestivum L.) and onion (Allium cepa L.)] with inoculation by Glomus 
species IG. mosseae (Nicol. and Gerd.), G. aeosporum (Nicol. and Gerd.) Gerd. and 
Trappe. G. monosporum Gerd. and Trappe] also are reported (Dodd et al., 1987). 
A previous study (unpublished) showed differences in MD within the genus GIvcine. 
Three cultivars (Swift, Mandarin and Soja) were chosen for further study (low, intermediate 
and high MD, respectively). The objective of this study was to investigate if variability in 
MD could be explained by differences in growth rate, P uptake, PUE, root morphology or 
root phosphatase activity of cultivars. 
Because plant species differ in the amount of nutrients (P in this case) required to 
achieve optimum growth, and P availability also regulates the effectiveness of the VAMF 
symbiosis, MD was studied at three levels of available P in soil. 
MATERIALS AND METHODS 
Soil Preparation 
The soil used in this study was uncultivated and contained low P (Nicollet: 6.2 mg kg"^ 
Bray P1-extractable P, 34 g kg"^ organic matter, 43 mg kg"^ ammonium acetate 
extractable K and pH 6.60), which was collected from the railroad site at the Agronomy 
and Agricultural Engineering Research Farm, Iowa State University, located in Boone 
County, lA. Soil was mixed with silica sand in a 60:40 ratio and steam sterilized twice in 
cotton bags for 2 h at 121°C, with a week's duration between sterilization cycles. 
Styrofoam cups (1000 ml), with a hole in the bottom for drainage, were rinsed with 
75% ethanol and filled with a 3-cm layer of vermiculite, and one kg of the soil/sand 
mixture was transferred to each pot. Pots were arranged in the growth chamber and 
leached twice daily with distilled sterilized water for 1 week to remove undesirable salts or 
toxic products from the autoclaving. 
The P levels of soils in pots were adjusted over a 4-week period by wetting with a 
uniform volume of sterile P solution followed by drying (five cycles). Three concentrations 
of KHgPO^ (147, 294 and 558 |xg ml"^) were used to establish three relative levels (low, 
medium and high ) of available P. Soil samples were collected after treatment from five 
pots per level, mixed, and the initial available P was determined by Bray PI extraction as 
a mean of four analyses of the composite sample. Also, subsequent soil samplings and 
analyses were done similarly for all P levels at each harvest. Changes in soil P 
concentrations during this experiment are summarized in Table 1. 
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Table 1. Changes in soil P concentration with time 
Relative soil P levels 
Cultivar Harvest Low Medium High 
Initial 41 a 52 66 
Soja 1 39 45 63 
2 39 44 60 
3 37 42 59 
Mandarin 1 39 47 63 
2 38 45 60 
3 36 42 58 
Swift 1 40 45 65 
2 40 40 64 
3 38 39 61 
® mg kg'^ Bray P1-extractable P 
Mycorrhizal Inoculum 
Giqaspora maraarita (1-105) inoculum was obtained from the International Culture 
Collection of Arbuscular and VA Mycorrhizal Fungi (INVAM), Morgantown, WV, Initial 
inoculum was propagated on soybean in greenhouse pot cultures. 
Mycorrhizal inoculation of soils in test pots was done by mixing the contents of each 
pot with 50 g of inoculum of Giaaspora. which consisted of a mixture of potting medium, 
extramatrical spores, extramatrical mycelium and mycorrhizal soybean root segments. 
Plant Material 
The three plant materials and their sources were 1) Soja (Glycine sola Sieb. & 
Zncc.)(PI 468.916, USDA Germplasm Collection, Urbana.lL) 2) Mandarin (Glycine max L. 
Merr.)(PI 36653, USDA Germplasm Collection, Urbana, IL) and 3) Swift (Glycine max L. 
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Merr.)(Minnesota Agricultural Experiment Station, St. Paul, MN). 
Planting 
Seeds of soybean cultivars were surface disinfected and germinated on water agar. 
Surface disinfection involved soaking the seeds in 80% ethanol for 1 min, followed by 
soaking in a NaOCIg solution (16 mg NaOCIg per liter) for 6 min and subsequent washing 
with sterile deionized water six times. 
Three germinated seeds were planted per pot, with or without Giaaspora inoculum, 
and later seedlings were thinned to one per pot. Pots were arranged in a completely 
randomized design on a bench in a growth chamber. The mean minimum and maximum 
daily temperatures during the study were 22 and 25°C, respectively. Light intensity at the 
bench surface was 960 jimol photon m'^  s"\ with 15-h photoperiods. 
The statistical design consisted of 54 treatments, with a factorial combination of three 
relative P levels (low, medium and high), three cultivars, three harvest dates and two 
mycorrhizal levels (inoculated and noninoculated). Each treatment was replicated three 
times. 
Watering Schedule 
Plants were watered alternately with sterile a) distilled water and b) nutrient solution 
(Broughton and Dillworth, 1970) containing 147 mg CaCl2-2H20, 3.3 mg Fe-citrate, 61.6 
mg IVIgSO^^HgO, 43.5 mg KgSO^, 0.168 mg MnSO^ HgO, 0.123 mg H3BO3, 0.144 mg 
ZnSO^^HgO, 0.05 mg CuS0^5H20, 0.028 mg C0SO47H2O, 0.024 mg Na2Mo02-2H20 
and 70 mg KNO3 per liter. 
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Plant Growth and Nutrients Uptake Measurements 
Plants were harvested three times: 23 and 43 days after emergence and at the R7 
growth stage. The R7 growth stage was reached at 59, 66 and 70 days by Swift, 
Mandarin and Soja, respectively. 
Roots were gently washed to remove soil/sand particles and cut from the shoots at 
ground level. Root fresh weights were recorded after uniformly blotting excess moisture 
with water-absorbent paper towels. Representative subsamples of fine lateral roots were 
cut from the main roots for determinations of acid phosphatase activity and mycorrhizal 
fungal colonization. 
Because fresh root samples were used for some of the determinations, two 
subsamples (1 g plant'^ ) of fine and coarse roots were dried at 70°C for 48 h to determine 
moisture contents, and root dry weights were calculated by using these values. Shoots 
were dried in paper bags at 70°C for 48 h, after which dry weights were recorded. 
Plant tissue was ground to pass a 30-mesh screen and digested with HgSOyHgOg by 
using the Hach Digesdahl Digestion Standard Procedure (Hach Company, 1988). The 
digest was analyzed for P colorimetrically (with the molybdo-phosphate method). PUE 
was expressed as g of dry matter produced mg*^ of P taken by the plant. Absolute 
growth rate (AGR) was calculated by the formula proposed by Hunt (1982), where d IV and 
dTare changes in dry weights and time, respectively. 
AGR = dW 
dT 
MycorrhîzaÊ Fungal Colonization 
Root pieces were transferred to tissue-holding capsules, and cleared and stained by 
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using a modified Phillips and Hayman's (1970) procedure. Roots were first autoclaved at 
121°C for 3 min in 10% KOH to clear the plant cytoplasm, washed thoroughly with distilled 
water and stained by simmering in 0.5% Trypan blue at 90°C for 10 min. 
Mycorrhizal fungal colonization was determined by obsen/ing the stained root 
subsamples by the grid line-intersect method (Giovannetti and Mosse, 1980). Root pieces 
were spread out evenly in square plastic (10.2 X 10.2 cm) petri dishes. A grid of lines 
was marked on the bottom of dishes to form 12.5 mm squares. Petri dishes were 
scanned under the stereoscope at 40X magnification along vertical and horizontal grid 
lines. The presence or absence of colonization was recorded at each point where roots 
intersected a line. Three sets of observations were recorded along 100 root/grid line 
intersections. Each observation was made on a fresh re-arrangement of the same root 
subsample. Percentage roots colonized were expressed as the number of intersections 
with colonized roots from the 100 intersections counted. 
Mycorrhizal Dependency 
Mycorrhizal dependency or response to mycorrhizal fungal colonization was calculated 
by using the following formula (Plenchette et al., 1983). 
Dry weight of mycorrhizal plant -
Dry weight of nonmycorrhizal plant 
MD = X 100 
Dry weight of mycorrhizal plant 
The same formula also was used to calculate the relative responses of mycorrhizal vs. 
nonmycorrhizal plants for P uptake, PUE and phosphatase activity. A negative ratio 
indicated greater response of the nonmycorrhizal plants. 
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Phosphatase Activity 
Acid pfiosphatase activity associated witii roots of soybean cultivars were determined 
by the method of Tabatabai and Bremner (1969) and Juma and Tabatabai (1988), which 
measured p-nitrophenol released when 0.1 g of fresh fine root segments was incubated 
with 1 ml of 5 mM p-nitrophenyi phosphate and 4 ml of modified universal buffer, pH 5, for 
1 h at 37°C. The reaction was terminated by the addition of 1 ml of 0.5 M CaClg and 4 ml 
of 0.5 M NaOH. Samples were filtered through Whatman no. 2v folded filter paper, 
appropriate dilutions were made and intensities of the yellow-colored filtrate were 
measured with a Klett-Summerson photoelectric colorimeter, p-nitrophenol contents of 
filtrates were detemnined from a calibration curve. 
Root Morphology 
Nonmycorrhizal plant roots, grown in washed and sterilized silica sand, were used for 
studying root morphological characteristics. Plants were grown in 1000-ml pots for 5 
weeks. A nutrient solution (Broughton and Oillworth, 1970) supplemented with 294 |ig 
KH2PO41'^  was used for watering. 
Five plants per cultivar were used for detemnination of fresh root weights and root 
lengths. The grid-line intersect method (Tennant, 1975) was used for root-length 
measurements. Fifty transverse sections of lateral roots were used for root-diameter 
determinations by using a compound microscope at 40 to 100X magnification fitted with an 
ocular micrometer. Root-surface areas were calculated by using the formula: 
RA = 2 X 3.14 X r X L 
where r and L were root radius and root length, respectively (Bohm, 1979). 
Fresh roots were stained with neutral red and 100 observations per cultivar were 
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recorded for root-hair length and diameter. The number of root hairs cm"^ was 
determined by using 50 fine lateral roots, starting at a 1-cm distance behind the root cap. 
Statistical analysis of data was done by using SAS (Statistical Analysis System) 
procedures (SAS Institute Inc., 1982). 
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RESULTS AND DISCUSSION 
Mycorrhizal Fungal Colonization and MD 
Giaaspora marqarita was used as the inoculum in this study because previous work in 
our laboratory (also personal communication from Dr. Joe Morton, INVAM, Morgantown, 
WV) indicated this species colonized roots more quickly than Glomus. With this fungus, 
all cultivars formed mycorrhizal associations and fungal colonization increased linearly with 
time (P < 0.001 )(Appendix C.4). Root samples collected at the first harvest (23 days after 
emergence) showed Soja plant roots were more heavily (59%) colonized than Mandarin 
(25%) and Swift (39%)(Fig. 1). Differences in colonization, however, became less with 
time, and at the final harvest (59-70 days after emergence), roots of all cultivars were 
equally colonized (90 to 93%). The percentage root colonization over all P levels was 
highest in Soja, intermediate in Swift and lowest in Mandarin (Table 2). 
Inoculation of soil with Giaaspora and colonization of plant roots significantly increased 
shoot dry weights in Mandarin, Soja and Swift cultivars (P < 0.001) (Table 3) (Fig. 2). A 
significant cultivar-by-mycorrhizal interaction indicated that cultivars responded differently 
to colonization. For example, the mean shoot weight of nonmycorrhizal Soja plants at all 
harvests in 4ow P soil was 0.59 g plant'^  but was 1.95 g with mycorrhizal fungal 
colonization. With Swift, the nonmycorrhizal plants at low P averaged 1.81 g plant'^  but 
only increased to 1.87 g with mycorrhizal colonization. Increases in shoot weight was 
linear with time (P < 0.001) of harvest and increased linearly with increasing soil P levels 


















1. Mycorrhizal fungal colonization of Soja, Mandarin and Swift roots at three times of 
harvest averaged across P levels. 
Table 2. Plant growth, P uptake and phosphatase activities as affected by mycorrhizal colonization averaged across harvests 
Response® 
Cul P level Col^  sw" P Tpb PUE^ GR^ Phos. activity*) 
% g planf^ % mg plant'i gmg"^ mg day"^ 
Soja Low 80.2 70.0 45.0 82.2 -69 70 31.2 
Medium 73.0 62.0 35.0 75.2 -53 62 16.3 
High 67.2 10.0 41.7 46.9 - 67 11 33.6 
Mandarine Low 21.1 15.0 43.4 58.7 - 107 17 16.2 
Medium 57.5 6.8 34.7 48.3 -81 4 2.8 
High 44.1 18.0 21.7 41.8 -41 10 2.6 
Swift Low 67.4 3.2 29.1 39.5 -62 5 12.4 
Medium 74.5 12.3 15.0 18.2 -7 10 13.8 
High 66.6 -4.3 26.2 30.2 -52 - 6 26.1 
® Response was calculated as ([mycorrhizal plants - non-mycorrhizal plants] mycorrhizal plants) x 100 
^ Col = mycorrhizal colonization, SW = shoot weight, TP = total P, PUE = phosphorus use efficiency, 
GR = growth rate, and Phos. activity = i^g p-nitrophenol released per 0.1 g"^ of root material h'\ 
Table 3. Analysis of variance for the effects of P levels, mycorrhizal colonization and time of harvest on growth and P 
uptake of different soybean cultivars 
Mean squares 
Source df SW® %P TP® PUE* GR® Phos® 
Main effects 
Cultivar 2 4.7 
Mycorrhizae 1 8.8 
Harvest 2 1111... 
Linear 1 221.2 
Lack of fit (A) 1 111.1 
P level 2 7.1*** 
Linear 1 13.3 
Lack of fit (B) 1 1.0 
Interactions 
Cul X Mycorrhizae 2 3.0*" 
Cul X Han/est 2 3.1*" 
Cul X P level 4 0.40. 





























































*' **' *** Significant at P= 0.05, 0.01 and 0.001. respectively. 
® SW = shoot weight, TP = total P, PUE = phosphorus use efficiency, GR = growth rate, 
and Phos = phosphatase activity. 
GR values must be divided by 100 to get mean squares. 
Fig. 2. Shoot weights of mycorrhizal (•) and non-mycorrhizal (•) plants grown at relative 








Colonization improved shoot weights of Soja at the first harvest (20 days after 
emergence)(Appendix C.2). The average dry weight of the mycorrhizal plants was 1.41 g, 
but only 0.81 g for the nonmycorrhizal plants. Mycorrhizal Swift plants at the first han/est 
showed no significant difference in dry weights of mycorrhizal vs. nonmycorrhizal control 
plants, but, by the third harvest, differences were significant, favoring the mycorrhizal 
plants. It is reported that until the symbiosis is fully developed, the mycorrhizal fungus 
may act as a pathogen, depleting host resources and thus decreasing dry matter 
production (Bethlenfalvay, 1983). Both colonization and dry weight data suggested that an 
active symbiosis developed more quickly with Soja than with Swift and Mandarin, 
Mycorrhizal dependency, indicated by relative responses of shoot weights (SW) (Table 
2), decreased for Soja with an increase in soil P level. Soja MD decreased from 70% in 
low P to 10% in high P. Mandarin and Swift had lower MD values, especially at low and 
medium levels of P. At high P levels with Swift, mycorrhizal colonization resulted in a 
negative effect causing a reduction (4.3%) in shoot weight. 
Over all three cultivars, MD decreased linearly with time (Appendix C.4), but the effect 
was small with Swift. Initially, the young plants with smaller root systems appeared to 
benefit more from fungal P uptake through the extramatrical hyphae, but, as the root 
system developed at later stages in the small pots, dependency on the fungus decreased. 
The results of this study indicated that the MD of soybean cultivars tested was not 
correlated to mycorrhizal fungal colonization (Table 4). This supports previous reports 
(Janos, 1987; Manjunath and Habte 1988) and my previous obsen/ation (unpublished) that 
the extent of colonization may not be a good indicator of plant MD. 
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Table 4. Pearson correlation coefficients (r) between root morphological characteristics, 
fungal colonization and MD 
RD RA HN HL HD Col MD 
RL® 
-0.80 0.91*" 0.48 0.28 0.33 -0.29* -0.85** 
RD= 
-0.69 -0.38 -0.19 -0.24 0.26 0.84 
RA® 0.33 0.36 0.45 -0.65 -0.83 
HN® 0.71 -0.05 0.46 -0.27 
HL® 




Significant at P = 0.05, 0.01 and 0.001. 
®RL = root length, RD = root diameter, RA = root area, HN = root hair number, 
HL = root hair length, HD = root hair diameter. Col = mycorrhizal fungal 
colonization, MD = mycorrhizal dependency. 
P Uptake and MD 
Increases in percentage P of tissue was linear with an increase in soil P levels (P < 
0.01)((Table 3). Mycorrhizal Swift plants, however, had relatively low percentage P at the 
medium P level (Fig. 3). In all instances, the mycorrhizal plants had higher percentage P 
than nonmycorrhizal plants. The averages, across all P levels, for mycorrhizal plants were 
0.21, 0.23 and 0.22% for Soja, Mandarin and Swift, respectively, and 0.12, 0.15 and 
0.17% for nonmycorrhizal plants. 
Increases in total P of tissue because of mycorrhizal colonization closely paralleled the 
increase in dry matter produced. At low P, mycorrhizal plants of Soja had 564% greater 
total P than nonmycorrhizal plants. Comparable values for Mandarin and Swift were 242 
and 165%, respectively. At high P levels, differences among cultivars were not as 
pronounced: Soja (188%), Mandarin (172%) and Swift (143%). In each instance, the 
presence of mycorrhizae increased total P of each cultivar (Appendix C.I). These results 
support the findings of numerous studies that improved plant growth due to mycorrhizal 
Fig. 3. Percentage P in plant tissue of mycorrhizal (•) and non-mycorrhizal (•) plants grown 
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colonization is explainable by improved P uptake facilitated by mycorrhizal fungi (Hayman, 
1983; Manjunath and Habte, 1988; Barea 1990). 
Higher PUE values indicate greater dry matter production per unit P uptake. The 
consistent negative PUEs (Table 2) indicated the nonmycorrhizal plants had higher PUEs 
than did the mycorrhizal plants. As the plants became more adequately supplied with P, 
the total P in tissue increased and the PUEs tended to decrease, especially with the 
nonmycorrhizal Mandarin plants (Fig. 4). With Soja and Mandarin, relative PUEs of 
nonmycorrhizal plants were greater at low P levels, and these cultivars appeared to utilize 
P much more efficiently at low P levels than Swift. Increasing levels of P application have 
been observed to reduce PUEs of several plant species (Veer Karfip eta!., 1980; 
Manjunath and Habte, 1990). PUE values of nonmycorrhizal Soja and Mandarin were 
higher than those of nonmycorrhizal Swift at low P levels at all sampling times (Appendix 
C.I). Therefore, higher PUE values under nonmycorrhizal conditions appear to be a 
characteristic of a plant species that is highly or moderately dependent on VAM fungi. 
Growth Rate and MD 
The mean growth rate of nonmycorrhizal plants of all three cultivars was about the 
same at the first harvest (22 mg day"^) (Appendix C.2). With time, growth rates of 
nonmycorrhizal plants of Mandarin and Swift increased, but remained constant in Soja. 
Increases in growth rates were linear with increases in soil P levels (Table 3). Mycorrhizal 
colonization increased growth rate in all cultivars tested (Appendix C.1), but relative 
increases in growth rate were higher at low P levels than at higher P levels. For example, 
Soja growth rate of mycorrhizal plants vs. nonmycorrhizal plants was improved 70% in low 
P, but only 11% in high P. Similarly, the relative growth rate of Mandarin at low P was 
Fig. 4. Phosphorus use efficiency (PUE) of myconrhizal (•) and non-mycorrhizal (•) plants 
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17%, and 10% in liigli P, and in Swift growth rate increased 5% in low P but decreased 
6% in high P, indicating a negative effect of mycorrhizal colonization (Table 2). These 
results also indicated that Soja response was higher (average response over all P levels 
was 47%) than Mandarin (10%) and Swift (3%). 
The mean growth rate of Soja nonmycorrhizal plants (25 mg per day) was lower than 
Mandarin (42 mg) and Swift (43 mg). This suggests that plants with a slower growth rate 
respond more to mycorrhizae than plants with a faster growth rate. 
Plant Root Phosphatase Activity and MD 
Root phosphatase activity decreased significantly (P< 0.01) with an increase in soil 
P levels in Soja, Mandarin and Swift roots (Fig. 5). On average over all P levels. Soja 
mycorrhizal and nonmycorrhizal roots showed the highest phosphatase activity (200 and 
132 i^g p-nitrophenol released 0.1 g"^ h'\ respectively), and Swift the lowest (132 and 
160, respectively), whereas Mandarin phosphatase activity was intermediate (162 and 
175, respectively). 
Relative increases in phosphatase activity due to mycorrhizal fungal colonization 
varied in the three cultivars and also varied with P levels. On average, however. Soja 
phosphatase activity were enhanced most with fungal colonization than the other two 
cultivars (Fig. 5). 
Phosphatase enzyme production and mycorrhizal symbioses perhaps have developed 
through evolution as an alternative mechanism for P uptake by plants growing in soils of 
low P (Medley et al., 1983). Therefore, cultivars like Soja that are highly dependent on 
mycorrhizae in low P soils also have higher phosphatase enzyme activity. 
Fig. 5. Acid pliospalitase activity of mycorrhizal (•) and non-mycorrhizal (•) plants grown 
at relative low, medium and high levels of soil P averaged across harvests. 
Phosphatase activity 
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Plant Root Morphology and MD 
The order of MD from high to low was Soja, Mandarin and Swift. Were there inherent 
root characteristics of the plant cultivars that would allow prediction of MD? For example, 
did Soja have fewer root hairs than Swift and thus responded more favorably in low P soil 
to mycorrhizal fungal colonization? Only root morphological characteristics of 
uninoculated plants were examined because root morphology is reported to change with 
mycorrhizal colonization (Paul and Clark, 1989). Changes during colonization at the 
microscopic level were not examined in this study. It is reported, however, that inoculation 
with mycorrhizal fungi increased legume root biomass 12 to 16% (Paul and Clark, 1988) 
and increased root hair densities (Mosse, 1981). 
In this study, root lengths, root diameters of lateral roots and root surface areas were 
significantly different among cultivars (P < 0.05) (Fig. 6). Soja root length (1401 cm) was 
significantly less (P < 0.05) than Swift and Mandarin (2236 and 2303 cm, respectively) 
(Fig. 6). The mean diameter of lateral roots of Soja (380 jim), however, was greater than 
of Swift and Mandarin roots (ca. 260 p,m). The mean root surface area for P uptake of 
Soja was significantly smaller than for Swift and Mandarin. The average for Soja was 18 
cm^, whereas the averages for Mandarin and Swift were 49 and 35, respectively. 
The number of root hairs per cm of root length, root hair diameters and root lengths 
were not significantly different among the three cultivars. Root hair numbers ranged from 
30 in Soja to 36 and 41 in Mandarin and Swift, respectively. Root hairs were longer in 
Soja (1.9 mm) than in the other two cultivars (1.7 mm). Root hair diameters ranged from 
24 |xm in Soja to 26 p.m in Swift and 30 p.m in Mandarin. 
At a medium level of soil P, Pearson correlation coefficients indicated a highly 
significant (P< 0.01) negative relationship between root length, surface area and MD 
Fig. 6. Root characteristics of nonmycorrhizal Soja, Mandarine, and Swift plants grown at 
mediumP levels in soil. 
Bars with similar letters indicate no significant differences between Soja, Mandarine 
and Swift at P < 0.05, as determined by LSD. 
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(Table 4). Root diameter was positively correlated with MD. No significant correlation 
was found between root-hair characteristics and MD. Root colonization by mycorrhizal 
fungi was negatively correlated with root length and root surface area (P < 0.05). 
Thus, root characteristics were related to the MD of plant cultivars. Soja, which 
showed the greatest MD among the soybean cultivars tested, had the shortest root 
system, and the cultivar Swift, with the lowest MD, had relatively long roots. The larger 
surface areas of Swift and Mandarin presumably facilitated nutrient absorption and thus 
reduced their MD. The data suggest that root length and root surface area could be used 
as indicators to select cultivars that benefit most from inoculation with mycorrhizal fungi. 
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SUMMARY AND DISCUSSION 
I have had a long interest in endomycorrhizae, even before coming to Iowa State 
Univeristy, In this dissertation, I continued my interests by studying spore ecology of 
vesicular-arbuscular mycorrhizal fungi (VAMF) and plant-VAMF interactions, mainly of 
soybean but also of corn. 
Preliminary data from my M.S. thesis suggested that there might be a relationship 
between VAMF sporulation and soil drainage. A field sun/ey was conducted in 1992 to 
determine the effects of soil drainage on VAMF colonization of soybean roots and spore 
production in the rhizosphere soils (Paper I). Two toposequences Clarion-Nicollet-
Webster (CNW) and Sharpsburg-Macksburg-Winterset (SMW) were chosen to represent 
common well-drained, moderately-well-drained, some what poorly and poorly-drained soils 
in Iowa. 
Chemical analyses of these soils showed a general increase in organic matter as soil 
drainage became poorer. Differences in soil pH and P were not related to soil 
toposequence and likely reflected farmer management practices. The distribution of 
spores among locations, series, and series within locations varied significanlty (P < 0.001). 
Soil from the CNW toposequence averaged 417 spores (50 g'^ ) soil, whereas soil from 
the SMW toposequence averaged 147. Within the two toposequences, the poorly to 
somewhat-poorly drained soils had higher spore counts than the well-drained to 
moderately-well-drained soils. In the CNW toposequence, the mean spore counts of 
Nicollet and Webster soils (poorer drained) were 137% higher than Clarion soils (better 
drained). In the SMW toposequence, the mean spore counts of Macksburg and Winterset 
soils (poorer drained) were 206% higher than Sharpsburg soils (better drained). VAMF 
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colonization of roots ranged from 74 to 88% in the CNW toposequence and from 68 to 
86% in the SMW toposequence. No correlation was found between spore count and 
VAMF colonization. An overall correlation among soils showed a significant negative 
correlation (P < 0.05) between colonization and drainage. 
I speculate that with higher water contents and organic matter levels in poorly drained 
soil, VAMF were stimulated to produce more spores and less colonization of the roots. It 
would be interesting to investigate the cause-and-effects of these stimuli by determining 
these parameters separately, which I could not do in the present field studies. Also, 
further research is needed to determine if higher spore counts in poorly drained soils is 
related to change in fungal growth patterns or is just movement and deposition of spores 
with surface flow of water from soils higher in topography to soils lower in topography. 
Paper II describes a greenhouse study, conducted to determine mycorrhizal 
dependency (MD) of six corn (Zea mavs L.) and five soybean (one Glycine soja Sieb. & 
Zncc. and four Glycine max L.) improved and unimproved cultivars. 
All cultivars, except Reid yellow dent, responded positively to VAMF colonization, but 
the extent of MD varied. Soybean cultivars showed a higher MD than corn cultivars. 
Among soybean cultivars, growth of the two unimproved cultivars (Soja [> 1900%] and 
Mandarin [> 400%]) was higher with VAMF colonization than growth of the improved 
cultivars (BSR, Richland, and Swift cultivars averaged about 200% greater growth). An 
unimproved corn cultivar, Reid yellow dent, was unresponsive to mycorrhizal colonization, 
whereas another unimproved cultivar, Argentine pop, increased growth 400% with 
colonization. Total uptakes of P, N, K, Ca, Mg, and Zn were significantly greater (P < 
0.001) in mycorrhizal plants, but the percentages of N, Mg, and Ca were lower than 
nonmycorrhizal plants. The lower percentages presumably were because of dilution of 
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more-limiting nutrients by greater production of tissue with VAMF colonization. VAMF 
colonization of roots ranged from 62 to 87%, and phosphatase activity, shoot weights, leaf 
areas, and the percentages of P were significantly correlated with VAMF colonization. 
Mycorrhizal dependency of soybean was negatively correlated to root mass, indicating that 
plants with smaller root systems benefited more from VAMF colonization. 
These results indicated a clear correlation between plant growth and mycorrhizal vs. 
nonmycorrhizal colonization of the host plant. Total uptake of nutrients was related to 
plant growth, but the cause-and-effect of increased uptake in these studies could not be 
determined with the methods used. Further research with appropriate controls for other 
nutrients would be useful to understand if the benefits of VAM result from an improvement 
in the nutrient uptake via the extramatrical mycelium or are an indirect consequence of the 
VAM balancing the P status of the plant. 
A third study (Paper III) was conducted with three soybean cultivars (Soja, 
Mandarin, and Swift) to determine if plant traits; e.g., growth rate, P uptake, P use 
efficiency, root morphology, and root phosphatase activity, related to MD of a plant. 
Results indicated significant cultivar-by-mycorrhizae and cultivar-by-P level interactions. 
Mycorrhizal dependency of Soja decreased from 70% in low P to 10% in high P soils. 
Mycorrhizal colonization of Swift at high P resulted in a 4.3% reduction in shoot weights. 
At low P, mycorrhizal Soja plants had 564% greater total P than non-mycorrhizal plants. 
Comparable values for Mandarin and Swift cultivars were 242 and 165%, respectively. 
Soja roots had higher phosphatase activity and a higher percentage increase in activity 
with mycorrhizal colonization compared with the other two cultivars studied. Soja root 
lengths (averaged 1401 cm) were significantly less than Swift and Mandarin lengths (2236 
and 2303 cm, respectively). The mean diameter of lateral roots of Soja (380 |xm) was 
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greater than for Swift and Mandarin (ca. 26.5 |xm). Root lengths and surface areas were 
negatively correlated with MD. These results indicated that the unimproved cultlvar Soja, 
with a slower growth rate, a smaller shoot biomass, and a smaller root surface area, was 
relatively more dependent on mycorrhizae than Mandarin and Swift. 
Data collected from these studies suggest that wild-type cultivars (e.g.. Soja), naturally 
adapted to nutrient-poor soils, have probably developed better alternative mechanisms 
(higher phosphatase activity and mycorrhizal symbioses) for P uptake than 
improved cultivars. Further research with more cultivars is needed in this area to select 
cultivars that have high MD and can perfonn well in nutrient-poor soils. These cultivars 
presumably would serve as important germplasm sources for plant breeders who are 
developing plants for low-input agriculutral systems. 
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Table A.1. Data for Sharpsburg-Macksburg-Winterset association drainage class,series, 
location, replicates, spore-count, gravimatric water content,VAMF colonization, 
organic matter, pH, and P. 
MAGE® SERIES LOC® REP® SPORE Pw VAM O.M."^ pH*' pb 
(50g)'^ soil % 
4 MACK 2 1 258 200 87 5.1 5.6 36 
4 MACK 2 2 116 200 69 5.1 5.6 36 
4 MACK 2 3 223 200 56 5.1 5.6 36 
4 MACK 2 4 193 200 56 5.1 5.6 36 
4 MACK 2 5 153 200 75 5.1 5.6 36 
4 MACK 1 1 132 198 95 4.6 7.2 36 
4 MACK 1 2 206 198 91 4.6 7.2 36 
4 MACK 1 3 183 198 82 4.6 7.2 36 
4 MACK 1 4 173 198 75 4.6 7.2 36 
4 MACK 1 5 155 198 88 4.6 7.2 36 
4 MACK 3 1 202 188 95 4.8 6.9 27 
4 MACK 3 2 130 188 76 4.8 6.9 27 
4 MACK 3 3 165 188 82 4.8 6.9 27 
4 MACK 3 4 143 188 85 4.8 6.9 27 
4 MACK 3 5 159 188 80 4.8 6.9 27 
4 MACK 4 1 240 203 80 4.8 5.9 15 
4 MACK 4 2 238 203 76 4.8 5.9 15 
4 MACK 4 3 196 203 75 4.8 5.9 15 
4 MACK 4 4" 202 203 68 4.8 5.9 15 
4 MACK 4 5 235 203 88 4.8 5.9 15 
5 WIN 1 1 
5 WIN 1 2 
5 WIN 1 3 
5 WIN 1 4 
5 WIN 1 5 
5 WIN 2 1 
5 WIN 2 2 
5 WIN 2 3 
5 WIN 2 4 
5 WIN 2 5 
5 WIN 3 1 
5 WIN 3 2 
5 WIN 3 3 
5 WIN 3 4 
5 WIN 3 5 
5 WIN 4 1 
5 WIN 4 2 
5 WIN 4 3 
5 WIN 4 4 
5 WIN 4 5 
3 SHAR 1 1 
3 SHAR 1 2 
3 SHAR 1 3 
3 SHAR 1 4 
248 78 5.2 6.7 40 
248 86 5.2 6.7 40 
248 88 5.2 6.7 40 
248 85 5.2 6.7 40 
248 83 5.2 6.7 40 
250 90 4.0 6.7 46 
250 85 4.0 6.7 46 
250 72 4.0 6.7 46 
250 74 4.0 6.7 46 
250 76 4.0 6.7 46 
258 65 4.3 7.2 78 
258 68 4.3 7.2 78 
258 75 4.3 7.2 78 
258 85 4.3 7.2 78 
258 64 4.3 7.2 78 
242 82 4.4 5.9 22 
242 70 4.4 5.9 22 
242 72 4.4 5.9 22 
242 78 4.4 5.9 22 
242 88 4.4 5.9 22 
145 100 3.8 6.3 33 
145 87 3.8 6.3 33 
145 69 3.8 6.3 33 



























3 SHAR 1 5 138 145 75 3.8 6.3 33 
3 SHAR 2 1 46 142 95 3.4 5.9 30 
3 SHAR 2 2 57 142 91 3.4 5.9 30 
3 SHAR 2 3 49 142 82 3.4 5.9 30 
3 SHAR 2 4 53 142 75 3.4 5.9 30 
3 SHAR 2 5 50 142 88 3.4 5.9 30 
3 SHAR 3 1 68 149 95 3.5 6.6 12 
3 SHAR 3 2 62 149 76 3.5 6.6 . 12 
3 SHAR 3 3 66 149 82 3.5 6.6 12 
3 SHAR 3 4 65 149 85 3.5 6.6 12 
3 SHAR 3 5 70 149 80 3.5 6.6 12 
3 SHAR 4 1 84 138 80 3.5 6.1 10 
3 SHAR 4 2 63 138 76 3.5 6.1 - 10 
3 SHAR 4 3 76 138 75 3.5 6.1 10 
3 SHAR 4 4 74 138 68 3.5 6.1 10 
^Drainage = Drainage class, Loc = location. Rep = replicate, = Gravimateric 
water content at sampling. 
^O.IM. = organic matter was determined by wet oxidation, P by Bray P1 extraction, 
and pH by 1:1, soil water. 
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Table A.2. Data for Clarion-Nicollet-Webster association drainage class,series, location, 
replicates, spore-count, gravimatric water content, VAMF colonization, organic 
matter, pH, and P. 
DRAINAGE^ SERIES LOC^ REP= SPORE VAM O.M.^ pH*^ 
(50g)-^soil % 
CLAR 5 1 628 179 90 3.2 6.5 56 
CLAR 5 2 651 179 98 3.2 6.5 56 
CLAR 5 3 637 179 82 3.2 6.5 56 
CLAR 5 4 648 179 78 3.2 6.5 56 
CLAR 5 5 623 179 93 3.2 6.5 56 
CLAR 6 1 224 175 98 3.3 6.7 191 
CLAR 6 2 320 175 68 3.3 6.7 191 
CLAR 6 3 268 175 77 3.3 6.7 191 
CLAR 6 4 222 175 89 3.3 6.7 191 
CLAR 6 5 258 175 90 3.3 6.7 191 
CLAR 7 1 313 162 82 3.4 5.0 79 
CLAR 7 2 350 162 84 3.4 5.0 79 
CLAR 7 3 328 162 93 3.4 5.0 79 
CLAR 7 4 330 162 72 3.4 5.0 79 
CLAR 7 5 325 162 80 3.4 5.0 79 
CLAR 8 1 100 171 76 4.9 6.7 78 
CLAR 8 2 122 171 79 4.9 6.7 78 
CLAR 8 3 108 171 82 4.9 6.7 78 
CLAR 8 4 125 171 100 4.9 6.7 78 














































NICO 5 1 81 
NICO 5 2 644 
NICO 5 3 712 
NICO 5 4 653 
NICO 5 5 743 
NICO 7 1 440 
NICO 7 2 402 
NICO 7 3 426 
NICO 7 4 421 
NICO 7 5 396 
NICO 6 1 778 
NICO 6 2 758 
NICO 6 3 694 
NICO 6 4 801 
NICO 6 5 779 
NICO 8 1 133 
NICO 8 2 116 
NICO 8 3 94 
NICO 8 4 129 
NICO 8 5 124 
WEB 5 1 186 
WEB 5 2 252 
WEB 5 3 238 
WEB 5 4 209 
78 3.8 5.9 
77 3.8 5.9 
85 3.8 5.9 
90 3.8 5.9 
75 3.8 5.9 
87 3.7 5.2 
60 3.7 5.2 
75 3.7 5.2 
78 3.7 5.2 
90 3.7 5.2 
92 5.6 6.5 
98 5.6 6.5 
80 5.6 6.5 
72 5.6 6.5 
85 5.6 6.5 
66 4.5 5.9 
72 4.5 5.9 
74 4.5 5.9 
78 4.5 5.9 
89 4.5 5.9 
75 5.2 5.9 
69 5.2 5.9 
82 5.2 5.9 


























5 WEB 5 5 246 258 62 5.2 5.9 58 
5 WEB 6 1 720 230 72 7.0 7.6 75 
5 WEB 6 2 770 230 75 7.0 7.6 75 
5 WEB 6 3 781 230 87 7.0 7.6 75 
5 WEB 6 4 698 230 68 7.0 7.6 75 
5 WEB 6 5 726 230 70 7.0 7.6 75 
5 WEB 7 1 449 269 84 6.6 5.9 78 
5 WEB 7 2 431 269 73 6.6 5.9 78 
5 WEB 7 3 468 269 68 6.6 5.9 78 
5 WEB 7 4 453 269 94 6.6 5.9 78 
5 WEB 7 5 438 269 80 6.6 5.9 78 
5 WEB 8 1 244 246 72 5.3 6.85 15 
5 WEB 8 2 235 246 79 5.3 6.8 15 
5 WEB 8 3 258 246 86 5.3 6.8 15 
5 WEB 8 4 246 246 82 5.3 6.8 15 
5 WEB 8 5 239 246 91 5.3 6.8 15 
5 WEB 8 5 239 246 91 5.3 6.8 15 
^Drainage = drainage class, Loc = location. Rep = replicate, = gravimetric 
water content at sampling. 
°0.M. = organic matter was determined by wet oxidation, P by Bray P1 extraction, 
and pH by 1:1, soil water. 
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Table A.3. Pearson con-elation coefficients (r) between fungal colonization, spore 
counts, and soil characteristics of both the Clarion-Nicollet-Webster 
association and the Sharpsburg-Macksburg-Winterset association 
Col® O.M.® pH® P® Drain® Pw® 
_ *** *** ** *** 
Spore -0.04 0.52 0.10 0.35 0.25 0.35 
Col -0.08 0.08 0.06 -0.19* -0.12 
O.M. 0.35*" -0.02 0.54*" 0.23** 
pH 0.05 0.26** 0.27** 
P -0.40 0.02 
Drain -0.40 
'"Significant at P= 0.05, 0.01 and 0.001. 
®Col = VAMF colonization; O.M. = organic matter; P = Bray P1 phosphorus; 




Table B.I. Data tor corn cultivars MD, root weight, root/stoot ratio, 
VAMF colonization, leaf area, and phosphatase activities. 
CUL TRT MD ROOTWT R/S VAM LEAF PA 
g ratio % 2 cm W 0.1 g""" 
WELL C 
• 
17.87 1.03 0 315 81 
WELL C 
• 
13.45 1.14 0 192 74 
WELL C 
• 
12.67 0.68 0 217 94 
WELL Gl 46 37.57 1.27 60 378 117 
WELL Gl 55 29.16 0.82 72 459 114 
WELL Gl 51 31.48 0.95 64 404 121 
WELL GL 30 32.27 1.37 63 392 104 
WELL GL 31 42.39 1.82 64 367 111 
WELL GL 48 40.41 1.30 75 351 91 
ARG C 
• 
2.58 1.43 0 135 57 
ARG C 
• 
5.68 2.03 0 114 51 
ARG C 
• 
15.15 1.83 0 110 37 
ARG Gl 74 34.31 2.02 57 283 181 
ARG Gl 73 24.48 1.48 85 288 164 
ARG Gl 77 30.63 1.60 54 273 174 
ARG GL 75 40.20 2.32 57 171 161 
ARG GL 73 43.00 2.62 46 171 117 
ARG GL 77 50.51 2.62 36 173 137 
TAMA C 
• 
18.26 1.22 0 161 81 



































































































TOP GL 44 25.46 0.94 59 366 61 
MUN C 
• 
21.80 1.25 0 344 64 
MUN C 
• 
22.52 1.04 0 305 61 
MUN C 
• 
27.27 1.62 0 243 54 
MUN Gl 44 34.18 1.02 73 301 64 
MUN Gl 46 29.69 0.85 67 446 77 
MUN Gl 44 25.61 0.76 65 342 87 
MUN GL 35 48.31 1.68 55 362 71 
MUN GL 28 38.29 1.47 65 351 64 
MUN GL 29 34.11 1.30 66 378 81 
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Table B.2. Data for corn cultivars root phosphatase activities, shoot dry weight, leaf 
area, percent N, total N, percent P, and total P. 
CUL GEN TRT PA WT LA N TN P TP 
^g 0.1 g'"" h""" g 2 cm . % mg(10)plant'^  % mg(10)planf 
REID NM C 4187 25.18 257 1.17 29.46 .068 1.71 
REID NM C 4187 29.29 261 1.18 34.56 .072 2.10 
REID NM C 4087 19.97 111 1.07 21.36 .069 1.37 
REID M Gl 4924 18.56 450 0.77 24.29 .104 1.93 
REID M Gl 5024 30.29 346 0.88 26.65 .084 2.54 
REID M Gl 5124 39.57 422 0.80 31.65 .082 3.24 
REID M GL 3580 26.99 325 0.73 19.70 .102 2.75 
REID M GL 4580 20.59 340 1.05 21.61 .132 2.71 
REID M GL 4230 19.78 321 1.06 20.96 .121 2.39 
TAMA NM C 4573 11.36 159 1.62 24.00 .082 1.23 
TAMA NM C 4273 16.70 238 2.03 23.06 .083 0.93 
TAMA NM C 4273 14.82 161 1.09 18.20 .085 1.41 
TAMA M Gl 4637 35.05 399 1.07 37.50 .130 4.55 
TAMA M Gl 4937 24.33 297 0.87 21.16 .122 2.96 
TAMA M Gl 4837 26.42 331 0.90 23.77 .133 3.51 
TAMA M GL 4830 25.90 297 1.11 28.74 .130 3.36 
TAMA M GL 4680 27.32 361 1.22 33.33 .147 4.01 
TAMA M GL 4580 22.53 317 1.20 27.03 .135 3.04 
WELL NM C 4520 17.38 315 1.51 26.03 .088 1.52 
WELL NM C 4320 11.82 192 1.73 20.44 .087 1.02 
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WELL NM C 4920 18.52 217 1.54 28.52 .079 1.46 
WELL M Gl 5573 29.49 378 0.93 27.42 .092 2.71 
WELL M Gl 4523 35.35 459 0.74 26.15 .088 3.11 
WELL M Gl 5673 33.29 404 0.87 28.96 .091 3.02 
WELL M GL 4839 23.57 392 0.90 28.23 .118 2.78 
WELL M GL 4489 23.35 367 0.92 21.48 .127 2.96 
WELL M GL 4689 31.22 367 0.83 25.91 .110 3.48 
ARG NM C 4180 0.41 125 3.42 1.40 .178 .07 
ARG NM C 4088 2.80 114 3.20 8.96 .159 .44 
ARG NM C 4688 8.26 56 2.95 24.36 .132 1.09 
ARG M Gl 6224 17.00 283 2.00 34.00 .161 2.73 
ARG M Gl 6474 16.47 288 2.03 33.43 .156 2.56 
ARG M Gl 6474 19.16 273 2.14 41.00 .172 3.29 
ARG M GL 3638 17.34 171 1.00 17.34 .147 2.54 
ARG M GL 4438 16.43 171 1.27 20.86 .141 2.31 
ARG M GL 4638 19.34 173 1.46 28.23 .133 2.55 
MUN M C 4581 17.51 344 1.62 28.02 .080 1.38 
MUN M C 5231 21.62 305 1.50 32.88 .078 1.68 
MUN M C 4931 16.78 243 1.43 23.99 .077 1.29 
MUN M Gl 5181 33.59 301 0.73 34.52 .095 3.19 
MUN M Gl 4931 34.85 446 0.93 32.15 .107 3.78 
MUN M Gl 5281 33.80 342 1.40 47.32 .099 3.34 
MUN M GL 5035 28.73 362 1.03 29.59 .116 3.33 
MUN M GL 4885 26.14 351 1.02 26.66 .122 3.18 
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MUN M GL 5181 26.33 378 1.02 26.85 .129 3.39 
TOP M C 5174 15.50 268 1.92 29.76 .072 1.11 
TOP M C 4984 16.36 251 1.60 26.17 .076 1.24 
TOP M C 4474 13.49 276 1.76 23.74 .075 1.01 
TOP M Gl 5474 36.38 360 0.94 34.19 .223 8.11 
TOP M Gl 5974 30.54 459 1.21 36.95 .181 5.52 
TOP M Gl 5574 29.93 336 0.85 25.44 .210 6.28 
TOP M GL 5389 22.39 361 0.85 19.03 .138 3.80 
TOP M GL 5189 27.58 278 0.88 24.27 .111 3.06 
TOP M GL 5489 27.00 366 0.88 22.68 .099 2.67 
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Table B.3. Data for corn cultivars shoot weight, total Ca, 
percent Ca, total K, and percent K. 
CUL TRT WT CaT Ca KT K 
9 mg % mg % 
WELL C 17 5 0.03 139 0.80 
WELL C 11 36 0.31 118 1.00 
WELL C 18 62 0.34 133 0.72 
WELL Gl 29 82 0.28 295 1.00 
WELL Gl 35 85 0.24 427 1.20 
WELL Gl 33 85 0.26 293 0.88 
WELL GL 23 47 0.20 236 1.00 
WELL GL 23 65 0.28 205 0.88 
WELL GL 31 62 0.20 312 1.00 
ARG C 4 28 0.70 131 3.20 
ARG C 2 16 0.60 72 2.57 
ARG C 8 43 0.52 172 2.07 
ARG Gl 17 68 0.40 149 0.88 
ARG Gl 16 53 0.32 178 1.08 
ARG Gl 19 69 0.36 207 1.08 
ARG GL 17 62 0.36 173 1.00 
ARG GL 16 72 0.44 262 1.60 
ARG GL 19 77 0.40 193 1.00 
TAMA C 15 60 0.40 120 0.80 




























































































































































TOP GL 27 65 0.24 183 0,68 
MUN C 17 56 0.32 175 1.00 
MUN C 21 69 0.32 216 1,00 
MUN C 16 53 0.32 148 0.88 
MUN Gl 33 67 0.20 430 1.28 
MUN Gl 34 83 0.24 306 0,88 
MUN Gl 33 94 0.28 324 0,96 
MUN GL 28 80 0.28 137 0,48 
MUN GL 26 62 0.24 156 0.60 
MUN GL 26 63 0.24 178 0,68 
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Table B.4. Data for corn cultivars total Zn, % Zn, total Mg, % Mg, 
and growth rate. 
CUL TRT SHOOT ZnT Zn MgT Mg GR 
mg % mg % g mg""" 
WELL C 17.4 1.88 0.01 118.0 0.68 0.02 
WELL C 11.8 1.13 0.01 80.0 0.68 0.01 
WELL C 18.5 2.37 0.01 140 0.76 0.03 
WELL Gi 29.5 3.42 0.01 200.0 0.68 0.04 
WELL Gl 35.6 4.27 0.01 185.0 0.52 0.05 
WELL GI 33.3 4.13 0.01 160.0 0.48 0.05 
WELL GL 23.6 4.63 0.02 151.0 0.64 0.06 
WELL GL 23.3 2.80 0.01 130.0 0.56 0.04 
WELL GL 31.2 3.49 0.01 224.0 0.72 0.04 
ARG C .4 0.18 0.05 31.0 7.75 0.00 
ARG C 2.8 0.43 0.02 22.0 0.79 0.01 
ARG C 8.3 1.16 0.01 79.0 0.95 0.01 
ARG Gl 17.0 2.72 0.02 176.0 1.04 0.03 
ARG Gl 16.5 3.04 0.02 167.0 1.01 0.04 
ARG Gl 19.2 4.07 0.02 130.0 0.68 0.05 
ARG GL 17.3 2.21 0.01 249.0 1.44 0.03 
ARG GL 16.4 1.90 0.01 184.0 1.12 0.02 
ARG GL 19.3 2.62 0.01 231.0 1.20 0.03 
TAMA C 15.0 1.80 0.01 70.0 0.47 0.02 
TAMA C 11.4 1.09 0.01 41.0 0.36 0.01 
159 
TAMA C 16.7 1.00 0.01 107.0 0.64 0.01 
TAMA Gl 35.0 3.50 0.01 210.0 0.60 0.04 
TAMA Gl 24.3 3.40 0.01 126.0 0.52 0.04 
TAMA Gl 24.4 5.37 0.02 136.0 0.56 0.07 
TAMA GL 25.9 2.28 0.01 135.0 0.52 0.03 
TAMA GL 27.3 6.12 0.02 207.0 0.76 0.08 
TAMA GL 22.5 1.80 0.01 126.0 0.56 0.02 
REID C 25.2 2.52 0.01 120.0 0.48 0.03 
REID C 29.2 3.27 0.01 163.0 0.56 0.04 
REID C 20.0 2.00 0.01 120.0 0.60 0.03 
REID Gl 18.6 3.27 0.02 112.0 0.60 0.04 
REID Gl 30.3 4.36 0.01 230.0 0.76 0.05 
REID Gl 39.6 6.49 0.02 222.0 0.56 0.08 
REID GL 27.0 3.24 0.01 227.0 0.84 0.04 
REID GL 21.0 4.79 0.02 193.0 0.92 0.06 
REID GL 20.0 2.88 0.01 264.0 1.32 0.04 
TOP C 16.0 1.86 0.01 102.0 0.64 0.02 
TOP C 16.0 1.66 0.01 102.0 0.64 0.02 
TOP C 13.0 1.40 0.01 93.0 0.72 0.02 
TOP Gl 36.0 3.46 0.01 259.0 0.72 0.04 
TOP Gl 31.0 4.59 0.01 161.0 0.52 0.06 
TOP Gl 30.0 4.20 0.01 204.0 0.68 0.05 
TOP GL 22.0 2.11 0.01 158.0 0.72 0.03 
TOP GL 28.0 2.46 0.01 146.0 0.52 0.03 
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TOP GL 27.0 3.02 0.01 108.0 0.40 0.04 
MUN C 17.5 4.06 0.02 105.0 0.60 0.05 
MUN C 21.6 3.63 0.02 112.0 0.52 0.05 
MUN C 16.8 2.96 0.02 87.0 0.52 0.04 
MUN Gl 33.6 6.72 0.02 161.0 0.48 0.08 
MUN Gl 34.8 5.85 0.02 208.0 0.60 0.07 
MUN Gl 33.8 6.62 0.02 243.0 0.72 0.08 
MUN GL 28.7 5.63 0.02 195.0 0.68 0.07 
MUN GL 26.1 4.38 0.02 156.0 0.60 0.05 
MUN GL 26.3 4.63 0.02 179.0 0.68 0.06 
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Table B.5. Data for soybean cultivars MD, shoot weight, % P, root weight, root/shoot 
ratio, VAMF colonization, phosphatase activities, and leaf area. 
CUL TRT DEP Wt P ROOTWT R/S VAM PA LEAF 
g % 9 ratio % ng 0.1 g'^  h"  ^ 2 cm" 
RICH C . 5.1 0.141 6.19 1.21 0 80 22.00 
RICH C 
• 
3.2 0.138 4.37 1.37 0 80 35.00 
RICH C 
• 
3.5 0.137 3.04 0.87 0 87 57.00 
RICH Gl 40 6.6 0.140 6.89 1.04 99 151 37.12 
RICH Gl 49 7.7 0.151 7.40 0.96 82 154 31.20 
RICH Gl 56 8.9 0.123 5.47 0.61 70 144 34.40 
RICH GL 67 11.9 0.276 6.17 0.52 77 97 30.21 
RICH GL 69 12.7 0.328 6.37 0.50 71 84 40.50 
RICH GL 66 11.5 0.340 5.59 0.49 67 91 48.75 
SWIF C 
• 
2.3 0.24 1.51 0.66 0 88 11.25 
SWIF C 
• 
2.5 0.21 1.10 0.44 0 88 12.37 
SWIF C 
• 
4.3 0.23 3.78 0.88 0 88 12.37 
SWIF Gl 45 5.5 0.298 5.29 0.96 64 147 24.37 
SWIF Gl 46 5.6 0.306 5.44 0.97 62 137 21.00 
SWIF Gl 39 5.2 0.228 4.43 0.85 60 151 25.35 
SWIF GL 74 11.7 0.23 7.08 0.61 82 84 32.25 
SWIF GL 62 8.1 0.20 5.85 0.72 81 81 37.12 
SWIF GL 62 8.1 0.26 3.21 0.40 76 71 30.00 
MAN C 
• 
2.3 0.164 0.95 0.41 0 81 15.75 
MAN C 2.2 0.170 0.44 0.20 0 78 9.00 
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MAN C 2.5 0.178 1.75 0.70 0 84 13.50 
MAN Gl 77 10.3 0.279 6.34 0.62 65 197 14.25 
MAN Gl 72 8.5 0.228 2.27 0.27 64 147 12.00 
MAN Gl 69 7.6 0.272 4.01 0.53 64 153 12.00 
MAN GL 64 6.5 0.350 7.70 1.18 70 84 22.50 
MAN GL 53 4.9 0.336 5.56 1.13 81 97 33.75 
MAN GL 50 4.6 0.442 4.45 0.97 88 87 36.75 
BSR C 2.6 0.120 3.24 0.48 0 121 16.80 
BSR C 4.6 0.100 2.63 0.57 0 114 28.20 
BSR C 2.1 0.102 4.01 1.91 0 101 18.60 
BSR Gl 59 7.6 0.144 6.75 0.89 84 147 33.00 
BSR Gl 63 8.5 0.142 7.70 0.91 80 151 42.75 
BSR Gl 61 8.1 0.158 7.46 0.92 86 140 35.25 
BSR GL 68 9.8 0.217 10.46 1.07 75 100 48.75 
BSR GL 70 10.5 0.263 7.14 0.68 72 110 48.75 
BSR GL 64 8.7 0.212 . 7.72 0.89 76 120 39.00 
SOJA C 0.7 0.127 0.10 0.14 0 47 1.35 
SOJA G 0.3 0.012 0.11 0.37 0 67 0.93 
SOJA C 0.2 0.012 0.13 0.54 0 57 1.20 
SOJA Gl 95 8.1 0.257 1.59 0.20 79 144 8.06 
SOJA Gl 94 6.7 0.239 1.23 0.18 75 134 8.25 
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SOJA Gl 95 6.7 0.179 3.44 0.40 90 137 6.75 
SOJA GL 94 7.2 0.295 1.60 0.22 85 80 4.32 
SOJA GL 95 9.3 0.294 2.61 0.28 91 107 7.05 
SOJA GL 95 9.9 0.252 2.44 0.25 86 97 6.00 
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Table B.6. Data for soybean cultivars shoot weight, total Ca, % Ca, 
total K, and % K. 
CUL TRT WT CaT Ca KT K 
9 mg % mg % 
RICH C 5.1 57.0 1.12 51 1.00 
RICH C 3.2 38.4 1.20 25 0.80 
RICH C 3.5 36.4 1.04 35 1.00 
RICH GL 6.6 34.3 0.52 79 1.20 
RICH GL 7.7 46.2 0.60 61 0.80 
RICH GL 8.9 53.4 0.60 90 1.01 
RICH Gl 11.9 85.6 0.72 119 1.00 
RICH Gl 12.7 106.6 0.84 127 1.00 
RICH Gl 11.5 96.6 0.84 124 1.08 
SWIF C 2.3 18.4 0.80 20 0.88 
SWIF C 2.5 18.0 0.72 20 0.80 
SWIF C 4.3 30.9 0.72 34 0.80 
SWIF Gl 5.5 22.0 0.40 66 1.20 
SWIF Gl 5.6 24.6 0.44 56 1.00 
SWIF Gl 5.2 22.8 0.44 62 1.20 
SWIF GL 11.7 42.1 0.36 117 1.00 
SWIF GL 8.1 29.1 0.36 103 1.27 
SWIF GL 8.1 35.6 0.44 87 1.08 
MAN C 2.3 20.2 0.88 18 0.80 
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MAN G 2.2 16.7 0.76 15 0.68 
MAN C 2.5 20.0 0.80 12 0.48 
MAN Gl 10.3 53.5 0.52 103 1.00 
MAN Gl 8.5 47.6 0.56 68 0.80 
MAN Gl 7.6 39.5 0.52 61 0.80 
MAN GL 6.5 36.5 0.56 78 1.20 
MAN GL 4.9 17.6 0.36 43 0.88 
MAN GL 4.6 16.5 0.36 46 1.00 
BSR 0 2.6 38 1.46 10 0.40 
BSR 0 4.6 55 1.20 27 0.59 
BSR C 2.1 24 1.14 6 0.30 
BSR Gl 7.6 82 1.08 52 0.68 
BSR Gl 8.5 71 0.84 68 0.80 
BSR Gl 8.1 58 0.72 71 0.88 
BSR GL 9.8 86 0.88 66 0.67 
BSR GL 10.5 75 0.71 92 0.88 
BSR GL 8.7 76 0.87 69 0.79 
SOJA C 0.7 7 1.00 2 0.28 
SOJA C 0.3 2.7 0.90 1 0.32 
SOJA C 0.24 2.4 1.00 1 0.35 
SOJA Gl 8.1 53 0.65 71 0.88 
SOJA Gl 6.7 43 0.64 59 0.88 
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SOJA Gl 8.7 58 0.67 69 0.79 
SOJA GL 7.2 60 0.83 63 0.88 
SOJA GL 9.3 77 0.83 82 0.88 
SOJA GL 8.9 89 1.00 89 1.00 
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Table B.7. Data for soybean cultivars shoot weight, 
total Zn, % Zn, total Mg and % Mg. 
CUL TRT WT ZnT Zn MgT Mg 
g mg % mg % 
RICH C 5.1 1.61 0.03 36.70 0.72 
RICH C 3.2 0.82 0.03 15.40 0.47 
RICH C 3.5 0.83 0.02 17.00 0.49 
RICH Gl 6.6 1.66 0.03 29.40 0.45 
RICH Gl 7.7 1.76 0.02 55.00 0.71 
RICH Gl 8.9 2.28 0.03 46.00 0.52 
RICH GL 11.9 3.14 0.03 80.90 0.68 
RICH GL 12.7 3.45 0.03 81.20 0.64 
RICH GL 11.5 6.07 0.05 78.20 0.68 
SWIF C 2.3 0.3 0.01 13.00 0.57 
SWIF C 2.5 0.3 0.01 15.00 0.60 
SWIF C 4.3 0.67 0.02 24.00 0.56 
SWIF Gl 5.5 0.86 0.02 30.80 0.56 
SWIF Gl 5.6 0.9 0.02 31.30 0.56 
SWIF Gl 5.2 0.77 0.01 27.00 0.52 
SWIF GL 11.7 1.78 0.02 60.00 0.51 
SWIF GL 8.1 1.20 0.01 48.60 0.60 
SWIF GL 8.1 1.26 0.02 52.00 0.64 
MAN C 2.3 0.60 0.03 11.00 0.48 
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MAN G 2.2 0.75 0.03 11.00 0.50 
MAN G 2.5 0.64 0.03 12.00 0.48 
MAN Gl 10.3 2.35 0.02 57.00 0.55 
MAN Gl 8.5 2.04 0.02 41.00 0.48 
MAN Gl 7.6 1.64 0.02 42.20 0.56 
MAN GL 6.5 0.15 0.03 26.00 0.52 
MAN GL 4.9 0.24 0.03 24.00 0.26 
MAN GL 4.6 1.25 0.03 22.00 0.48 
BSR G 2.6 0.42 0.02 12.00 0.48 
BSR G 4.6 0.66 0.01 26.00 0.57 
BSR G È.1 0.33 0.02 10.00 0.48 
BSR Gl 7.6 3.47 0.05 33.00 0.43 
BSR Gl 8.5 3.84 0.05 34.00 0.40 
BSR Gl 8.1 3.11 0.02 54.00 0.55 
BSR GL 9.8 1.49 0.02 54.00 0.55 
BSR GL 10.5 1.43 0.01 63.00 0.60 
BSR GL 8.7 1.22 0.01 45.00 0.52 
SOJA G 0.7 0.1 0.01 02.80 0.40 
SOJA G 0.3 0.05 0.02 00.96 0.32 
SOJA G 0.3 0.05 0.02 32.00 0.48 
SOJA Gl 8.1 1.17 0.01 32.40 0.40 
SOJA Gl 8.7 1.36 0.02 45.00 0.52 
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SOJA Gl 6.7 1.07 0.02 32.00 0.48 
SOJA GL 7.2 1.09 0.02 34.00 0.47 
SOJA GL 9.3 1.56 0.02 48.00 0.52 
SOJA GL 9.9 1.42 0.02 53.00 0.60 
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APPENDIX C 
Table C.I. Growth parameters, P uptake, and phosphatase activity of Soja, Mandarin, and Swift cultivars at different soil P 
levels averaged over harvests. 
Qui Level Trt SW* pa TP PUE® GR® Phos®*^  
g % mg plant'i g mg-1 mg day'^  |ig 0.1 g"^  h 
Soja Low 1.95*= 0.20 4.51 0.43 40 237 
NM° 0.59 0.11 0.80 0.73 12 163 
Medium M 2.19 0.20 4.77 0.45 45 221 
NM 0.82 0.13 1.18 0.69 17 185 
High M 2.37 0.24 5.90 0.40 52 214 
NM 2.11 0.14 3.13 0.67 46 142 
Mandarin Low M 2.00 0.23 4.92 0.40 41 197 
NM 1.70 0.13 2.03 0.83 34 165 
Medium M 2.36 0.23 6.34 0.37 45 177 
• NM 2.20 0.15 3.28 0.67 43 172 
High M 2.83 0.23 7.20 0.39 57 152 
NM 2.32 0.18 4.19 0.55 51 148 
Swift Low M 1.87 0.24 5.21 0.35 40 161 
NM 1.81 0.17 3.15 0.57 38 141 
Medium M 2.27 0.20 5.09 0.44 46 159 
NM 1.99 0.17 4.16 0.47 41 137 
High M 2.30 0.23 6.23 0.36 47 161 
NM 2.40 0.17 4.35 0.55 50 119 
® SW = shoot weight, TP = total P, PUE = phosphorus use efficiency, GR = growth rate, Phos = phosphatase activity. 
° M = mycorrhizal; NM = nonmycorrhizal. 
® Mean of 9 observations. 
° [ig p-nitrophenol released 0.1 g"' of root material h"^ . 
Table C.2. Growth parameters, P uptake, and phosphatase activities of Soja, Mandarin, and Swift cultivars at different 
times 
of harvest averaged across P levels. 
Cul Harvest Tit SW* pa Tpa PUE* GR® Phos*'' 
g % mg plant'1 g mg'1 mg day"^  |xg 0.1 g'^  1 
Soja 1 M'' 1.00 0.13 1.39 0.71 43 179 
NM" 0.50 0.09 0.58 0.86 23 144 
2 M 1.98 0.28 5.69 0.34 45 219 
NM 1.14 0.12 1.62 0.70 26 202 
3 M 3.53 0.23 8.08 0.43 48 273 
NM 1.86 0.16 2.90 0.64 26 144 
Mandarin 1 M 0.66 0.18 1.29 0.51 27 152 
NM 0.48 0.18 0.92 0.52 21 185 
2 M 2.04" 0.23 4.70 0.43 47 176 
NM 2.48 0.18 2.23 1.11 57 150 
3 M 4.51 0.27 12.48 0.36 68 197 
NM 3.28 0.19 6.35 0.51 50 150 
Swift 1 M 0.55 0.19 1.05 0.52 23 178 
NM 0.56 0.15 0.86 0.65 23 130 
2 M 1.86 0.20 3.77 0.49 42 152 
NM 1.88 0.14 2.64 0.71 44 135 
3 M 4.03 0.29 11.71 0.34 67 151 
NM 3.75 0.21 8.18 0.45 63 132 
® SW = shoot weight, TP = total P, PUE = phosphorus use efficiency, GR = growth rate, Phos = phosphatase activity. 
° M = mycorrhizal, NM = nonmycorrhizal. 
® Mean of 9 observations. 
ng p-nitrophenol released 0.1 g of root material h . 
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Table C.3. Growth parameters, P uptake, and phosphatase activity of Soja, Mandarin, and Swift cultivars at different times of harvest 
and soil P levels. 
Cul Har Level Trt SW* P Tpa PUE® GR® Phos® '^ 
9 % mg plant'1 g mg-1 g day'1 pg 0.1 g'^  h"^  
Soja 1 Low M*' 0.83® 0.10 0.90 0.91 0.03 203 
NM  ^ 0.63 0.07 0.44 2.02 0.01 136 
1 Medium M 2.17 0.26 5.65 0.76 0.04 163 
NM 0.75 0.14 1.06 0.70 0.02 232 
1 High M 1.23 0.16 2.01 0.61 0.05 173 
NM 1.06 0.12 1.34 0.81 0.04 133 
2 Low M 1.57 0.27 4.29 0.37 0.04 207 
NM 0.63 0.06 4.00 1.43 0.01 209 
2 Medium M 2.17 0.25 5.65 0.38 0.05 257 
NM 0.75 0.14 1.06 0.70 0.02 232 
2 High M 2.19 0.32 7.14 0.31 0.05 193 
NM 2.02 0.16 3.36 0.60 0.04 165 
3 Low M 3.45 0.24 8.33 0.42 0.05 300 
NM 0.95 0.20 1.86 0.52 0.01 144 
3 Medium M 3.45 0.21 7.4 0.46 0.04 242 
NM 1.41 0.15 2.17 0.65 0.02 160 
3 High M 3.67 0.23 8.52 0.43 0.05 277 
NM 3.23 0.14 4.69 0.60 0.04 165 
Mandarin 1 Low M 0.46 0.16 0.75 0.61 0.02 174 
NM 0.23 0.16 0.38 0.60 0.01 196 
1 Medium M 0.54 0.18 1.00 0.54 0.02 147 
NM 0.43 0.20 0.87 0.49 0.02 201 
1 High M 0.99 0.21 2.12 0.46 0.04 136 
NM 0.80 0.19 1.53 0.52 0.03 160 
2 Low M 1.78 0.23 4.19 0.42 0.04 204 
NM 2.17 0.06 1.36 0.60 . 0.01 196 
2 Medium M 2.19 0.23 5.08 0.43 0.05 171 
NM 2.21 0.07 1.64 1.34 0.05 153 
2 High M 2.15 0.22 4.82 0.44 0.05 154 


























3 Low M 3.81 0.25 9.82 0.39 0.06 
NM 2.76 0.15 4.34 0.64 0.04 
3 Medium M 4.36 0.29 12.96 0.34 0.06 
NM 3.97 0.18 7.35 0.54 0.06 
3 High M 5.36 0.27 14.66 0.36 0.08 
NM 3.11 0.23 7.37 0.42 0.04 
1 Low M 0.56 0.19 1.11 0.50 0.02 
NM 0.63 0.14 0.92 0.68 0.03 
1 Medium M 0.57 0.17 0.98 0.58 0.02 
NM 0.52 0.14 0.72 0.72 0.02 
1 High M 0.53 0.20 1.07 0.49 0.02 
NM 0.52 0.17 0.93 0.56 0.02 
2 Low M 1.46 0.21 3.11 0.47 0.03 
NM 1.69 0.22 3.36 0.45 0.04 
2 Medium M 1.94 0.20 3.97 0.49 0.04 
NM 1.68 0.09 1.63 0.45 0.04 
2 High M 2.17 0.19 4.27 0.51 0.05 
NM 2.27 0.11 2.53 0.89 0.05 
3 Low M 3.59 0.31 11.4 0.31 0.06 
NM 3.12 0.15 4.79 0.66 0.05 
3 Medium M 4.30 0.24 10.38 0.42 0.07 
NM 3.76 0.27 10.14 0.39 0.06 
3 High M 4.2 0.31 13.34 0.31 0.07 
NM 4.38 0.22 9.6 0.46 0.07 
® SW = shoot weight, TP = total P, PUE = phosphorus use efficiency, GR = growth rate, Phos = phosphatase activity. 
M = mycorrhizal, NM = nonmycorrhizal. 
® Mean of three replicates. 
pg p-nitrophenol released 0.1 g"' of root material h'\ 
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Table C.4. MycorrhizaI fungal colonization and dependency of Soja, Mandarin, and Swift 
at 





Har Level Col® Depende 
1 Low 63  ^ 75 
1 Medium 58 67 
1 High 55 14 
2 Low 76 59 
2 Medium 70 64 
2 High 64 6 
3 Low 100 72 
3 Medium 89 58 
3 High 82 11 
1 Low 36 49 
1 Medium 27 21 
1 High 12 19 
2 Low 47 -13 
2 Medium 45 -2 
2 High 40 -45 
3 Low 91 27 
3 Medium 100 8 
3 High 80 41 
1 Low 34 -13 
1 Medium 43 8 
1 High 39 -1 
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2 Low 71 -15 
2 Medium 80 12 
2 High 77 1 
3 Low 96 12 
3 Medium 100 12 
3 High 83 -4 
®Col = mycorrhizal fungal colonization, Dep = mycorrhizal dependency. 
"Mean of three replicates. 
